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Abstract 
 
Solar energy is quite simply the energy produced directly by the sun and collected elsewhere, 
including on the Earth. Only a very small fraction of the total radiation produced reaches the 
Earth. The radiation that does reach the Earth is the indirect source of nearly every type of 
energy used today. Current environmental concerns include increasing world population, 
increasing greenhouse gas emission posing serious threats to many people and industries 
over-dependent on fossil fuels.  Consequently innovating and developing technologies that are 
environmental friendly and sustainable is becoming an important requirement both in 
academia and industry. 
 
Thermoelectric energy conversion is one of the technologies with potential to play a role in 
future energy technology. It incorporates direct energy conversion from heat sources to 
electric energy outputs and the underlying physical effect has been well known for almost two 
centuries. The thermoelectric effect is the application of temperature differences to electric 
voltage generation and vice versa. This effect can be used to generate electricity, to measure 
temperature and for cooling and for heating. Because the mode of heating or cooling is 
determined by the polarity of the applied voltage, thermoelectric devices make very 
convenient temperature controllers. One major advantage of thermoelectric devices is 
simplicity;  there are no moving parts or chemical reactions, which means that there are few 
maintenance requirements because of wearing out or corrosion.   
Thermoelectric and solar-energy technologies are the focal points of significant research, and 
can make a major contribution to the need to find alternative methods of power generation, 
heating and cooling. Thermoelectric technology is often overlooked, but can be used in 
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applications where other technologies are not feasible, or in combination with other 
technologies. Thermoelectric devices can utilize solar thermal power or waste heat to generate 
electricity, and are friendly to the environment, particularly as no refrigerant gas is used. 
Therefore they have attracted increasing attention as a green and flexible source of electricity 
able to meet a wide range of power requirements. Contemporary problems surrounding 
climate change will act as a stimulus for the development of thermoelectric applications, and 
the technology is already successful in cooling, refrigeration and space-craft power, with 
potential for growth in power generation applications.  
 
In this thesis, the potential of thermo electric cells as components of concentrating solar 
power generation systems is discussed in detail.  
 
A prototype concentrator thermo electric generator using a parabolic dish concentrator 
(CTEG) of 1.8 m diameter, two-axes linear tracking system, liquid cooling system and BiTe 
thermo electric generator is being fabricated at RMIT University. Laboratory tests under 
controlled experimental conditions were conducted in which maximum power of 4.8W at 
temperature difference of 110°C and 2.9% conversion efficiency was produced from a single 
thermo electric generator. Moreover, several tests have been carried out in order to obtain the 
actual capacity of the parabolic dish, and a maximum temperature at the receiver of 143°C 
with an overall efficiency of 11.4% have been achieved, and the CTEG was able to produce 
electrical power of up to 5.9W under a temperature difference of 35°C. The experimental 
results agreed well with a mathematical model.  
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α    Seebeck coefficient 
abα   Seebeck coefficient between elements a and b 
pnα   Seebeck coefficient between p-type and n-type elements 
αp  Seebeck coefficient of p-type element 
αn  Seebeck coefficient of n-type element 
V  Voltage 
T1  Temperature at point 1 
T2  Temperature at point 2 
TΔ   Temperature difference 
abπ   Peltier coefficient between elements a and b 
π   Peltier coefficient 
Q  Heat absorbed from surroundings. 
Iab  Current from elements a to b 
I  Electric current 
τ   Thomson coefficient 
PL  Electric power delivered to the load 
Qh  Heat absorbed at the hot junction 
TH  Temperature at hot junction 
TC  Temperature at cold junction 
Rp  Electric resistance of p-type element 
Rn  Electric resistance of n-type element 
Rpn  Electric resistance of n-type and p-type elements 
RL  Electric resistance of the load 
pnλ   Thermal conductance of n-type and p-type elements 
 Rtp  Thermal resistance of p-type element 
 Rtn   Thermal resistance of n-type element 
xix 
 η  Conversion efficiency of thermoelectric cell 
 Z  Figure-of-merit of thermoelectric 
 Σ  Electric conductance 
λ   Thermal conductance 
ZT  Dimensionless figure-of-merit 
Kl  Thermal conductivity of the liquid semiconductor 
Ks  Thermal conductivity of the solid semiconductor       
A  Cross-sectional area of the boule 
L  Latent heat of fusion       
m  Mass of the growing solid silicon       
Mv  Solid density of the growing crystal 
vmax   Maximum velocity at which the solid can be pulled 
Cc  Dopant concentration in the core rod 
rd  Radius of the core rod 
rf  Radius of the final boule 
l  Length of the floating zone 
k  Effective distribution coefficient for the dopant 
z  Distance from the start of the boule 
Ac  Area of the solar collector 
ηr   Reflectance of the reflective material 
Ib  Beam radiation 
Id  Diffused radiation 
I  Radiation 
•
rQ   Solar radiation incident on the receiver 
•
lQ   Heat losses from the receiver plate to the surroundings 
•
lcQ   Total heat loss by the natural convection 
Tr  Temperature of the receiver 
Ar  Area of the receiver  
ha  Convection heat transfer coefficient 
Vw  Wind velocity 
Ta  Ambient temperature 
•
lrQ   Total heat loss by the radiation of the material 
 Ε  Emissivity of the copper receiver plate 
 σ  Stefan-Boltzmann’s constant 
 ηo  Overall efficiency  
•
inQ   Total radiation falling on the solar collector 
•
wQ   Total heat that being taken away by the water 
•m   Flow rate of the water 
 Cp  Heat capacity 
 Tin  Inlet cooling water temperature 
xx 
 Tout  Outlet cooling water temperature. 
 Tin`  Surface temperature of the cooling device at the water inlet direction 
Tout`  Surface temperature of the cooling device at the water outlet direction 
Aw  Total cooling area 
ηh  Heat transfer efficiency 
•
dQ   Unutilised heat dissipated from the cold side of the TEG module  
Eo  Useful electric power produced by the TEG module 
Tm   Mean cooling fluid (water) temperature 
Rt  Total thermal resistance of the CTEG 
Rsp  Thermal resistances of the receiver 
Rteg  Thermal resistances of thermo electric generator 
Voc  Open circuit voltage 
Vmpp  Maximum power point voltage 
Impp  Maximum power point current 
N  Total number of thermo-junctions in each cell 
M  Number of thermoelectric cells 
Ri  Internal resistance of the individual cells 
Ro  External load resistance 
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Chapter 1 
 
 
Introduction 
 
 
1.1 Background 
 
1.1.1 Trend in World Energy Consumption 
 
In recent decades, human activities such as deforestation and construction have significantly 
impacted on the global atmosphere. Such environmental damage is boosted dramatically with 
the industrial revolution caused by the greed of humans. The situation is made worse by the 
desire to invest in a better lifestyle that leads to an increased energy supply. Although 
environmental friendly, efficient and cleaner fuels such as natural gas are now used to alter 
the number of ways to provide heat, the consumption and reliance on electricity generated 
from coal has still increased in order to synchronise with the world population expansion. The 
end result is the destruction of natural resources and damage to our environment.   
 
As it is shown in Figure 1.1, the world consumption of all energy resources is forecasted to 
increase at a terrifying pace and resulting in a prediction of over 260 quadrillion Watts in 
2030.  This is a remarkable increase as compared to the 200 quadrillion Watts energy 
consumption in 2015. The expression "Energy Crisis" has become a common term depicting 
human concern about the increasing demands and consumption of energy on our planet.  
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Figure 1.2 presents an increasing trend of human consumption fossil fuels before 2030, which 
represents the non-renewable form of fuels that will continue to supply much of the increment 
in marketed energy usage throughout the world for the next two and half decades. Although 
oil remains the dominant energy source, its share of world total energy consumption will be 
slightly reduced by 2030 due to the response to higher world oil prices, which will dampen oil 
Figure 1.1 World primary total energy consumption by region, 1990-2030, (EIA 2009). 
Figure 1.2 World market energy used by fuel type from1980-2030, (IEO, 2006). 
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demand in the mid-term. The global oil consumption is expected to rise from 80 million 
barrels per day in 2003 to 98 million barrels per day in 2015, and then to 118 million barrels 
per day in 2030. 
 
 
 
 
 
 
 
 
 
 
 
It is a fact that greenhouse gases form the natural part of atmosphere to protect life on earth by 
maintaining a suitable surface temperature.  However, too much greenhouse gases will lead to 
an increasing surface temperature that can result in serious consequences to the life on earth. 
For example, the warmer weather will cause the rising of sea level leading to where the 
decrease of land and cost lives of thousands of species. Also, in some archipelago area, most 
animals had already perished with the disappearing landscapes. Most of these changes are due 
to the burning of these increased amounts of fossil fuels that are mainly used for producing 
electricity. This causes the production of large quantities of greenhouse gases that contribute 
to global warming.  Additionally, these greenhouse gases (Figure 1.3) will result in negative 
effects for mankind. Taking into account today's growing energy needs and increasing 
environmental concern, alternatives to the use of non-renewable and polluting fossil fuels 
have to be investigated. One such alternative is solar energy.  
 
Figure 1.3 World carbon dioxide emissions by region, 1990-2030, (EIA 2009). 
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1.1.2 Solar Energy 
Solar energy is quite simply the energy produced directly by the sun and collected in a 
location, such as the Earth. The sun creates its energy through a thermonuclear process that 
converts about 650,000,0001 tons of hydrogen to helium every second (Leed, 2010). The 
process generates heat and electromagnetic radiation. The heat remains in the sun and is 
instrumental in maintaining the thermonuclear reaction. The electromagnetic radiation 
(including visible light, infra-red light and ultra-violet radiation) streams out into space in all 
directions.  
Only a very small fraction of the total radiation produced reaches the Earth. The radiation that 
is received by the Earth is the indirect source of nearly every type of energy used today. The 
exceptions are geothermal energy and nuclear energy by fission and fusion. Even fossil fuels 
owe their origins to the sun as they were once living plants and animals whose life was 
dependent upon the sun (Leed, 2010). 
Much of the world's required energy can be supplied directly by the sun. More solar energy 
can still can be provided indirectly. The practicality of doing so as well as the benefits and 
drawbacks will be examined. In addition, the uses of solar energy will be noted.  
Due to the nature of solar energy, two components are required to have a functional solar 
energy generator. These two components are the collector and the storage unit. The collector 
simply collects the radiation that falls on it and converts a fraction of it to other forms of 
energy (e.g. either electricity and/or heat). The storage unit is required because of the 
inconstant nature of radiation availability; at certain times only a very small amount of 
radiation can be received. During night time or when there is a heavy cloud cover, the amount 
of energy produced by the collector will be minimal. The storage unit can hold the excess 
energy produced during the periods of maximum productivity and release it when the 
productivity drops. In practice, a backup power supply is usually added as well for the 
situations when the amount of energy required is greater than both what is being produced and 
what is stored in the container.  
Methods of collecting and storing solar energy vary depending on the uses planned for the 
solar generator. In general, there are three types of collectors and many forms of storage units. 
The three types of collectors are flat-plate, focusing and passive collectors. The details about 
the concepts of solar energy system will be illustrated in the next chapter. (Kalogirou, 2004) 
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Flat-plate collectors such as those shown in Figure 1.4a are the more commonly used type of 
collector today, and are often known as photovoltaic solar collector. They are arrays of solar 
panels arranged in a plane. They can be of nearly any size, and have an output that is directly 
related to a few variables such as size, facing and cleanliness. These variables affect the 
amount of radiation that falls on the collector. Often, these collector panels have automated 
machinery that track the sun. The additional energy that they take in due to the correction of 
facing more than compensates for the energy that needed to drive the extra machinery. 
 
 
 
 
 
 
 
 
 
 
 
Focusing collectors are essentially flat-plane collectors with optical devices that are arranged 
to maximize the radiation falling on the focus of the collector (Figure 1.4b). These are 
currently used only in a few scattered areas. Solar furnaces are examples of this type of 
collector.  
Although they can produce far greater amounts of energy at a single point than the flat-plane 
collectors, more of the radiation is lost in comparison. Radiation reflected off the ground can 
be used by flat-plane panels but is usually ignored by focusing collectors. For example, this 
reflected radiation can be significant in snow covered regions. In general, one other problem 
Figure 1.4 Realistic diagrams of solar collectors. a) On the left is a photovoltaic 
diagram, as referred from Solar Thermal Magazine, 2010, b) on the right is a picture of 
solar concentrating dish system (Energy Blog, 2006). 
(a) (b) 
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with focusing collectors is due to temperature. The fragile silicon components that absorb the 
incoming radiation lose efficiency at high temperatures and can even be permanently 
damaged if they get too hot. The focusing collectors by their very nature can create much 
higher temperatures and need more mechanical protections for their silicon components 
( Norton, 1992). 
 
 
 
 
 
 
 
 
 
 
Passive collectors (Figure 1.5) are completely different from the other two types of collectors. 
The passive collectors absorb radiation and convert it to heat naturally and move water 
without pump. All objects have this property to some extent but only some objects (like walls) 
will be able to produce enough heat to make it worthwhile. Often, their natural ability to 
convert radiation to heat is enhanced in some way or another (e.g. by being painted black) and 
a system for transferring the heat to a different location is generally added.  
People use energy for many things but a few general tasks consume most of the energy. These 
tasks include transportation, heating, cooling, and the generation of electricity. Solar energy 
can be applied to all four of these tasks with different levels of success.  
Heating is the condition for which solar energy is best suited. Solar heating requires almost no 
energy transformation and so it has a very high efficiency. Heat energy can be stored in a 
Figure 1.5 Schematic diagram of passive solar collector 
(Q solar, 2002). 
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liquid such as water or in a packed bed. A packed bed is a container filled with small objects 
that can absorb heat (such as stones with air space between them). Heat energy is also often 
stored in phase-changer or heat-of-fusion units. These devices will utilize a chemical that 
changes phase from solid to liquid at a temperature that can be produced by the solar collector. 
The energy of the collector is used to change the chemical to its liquid phase and can be 
stored in the chemical itself. It can be tapped later by allowing the chemical to revert back to 
its solid form. Solar energy is frequently used in residential homes to heat water. This is an 
easy application as the desired end result (hot water) is the storage facility. A hot water tank is 
filled with hot water during the day and drained as needed. This application is a very simple 
adjustment from the normal fossil fuel water heaters (J.F. Kreider, 1977). 
Swimming pools are often heated by solar power. Sometimes, the pool itself functions as the 
storage unit, and at other times, a packed bed is added to store the heat. Regardless of a 
packed bed is used, some method of keeping the heat for longer than normal periods (like a 
cover) is generally employed to help keep the water at a warm temperature when it is not in 
use.  
Solar energy is often used to directly heat a house or building. Heating a building requires 
much more energy than heating the water in a building and thereby requiring more solar 
panels. Generally, a building that is heated based on solar power will have its water heated by 
it as well. The type of storage facility most often used for such large solar heaters is the heat-
of-fusion storage unit but other kinds such as the packed bed or hot water tank can be used as 
well. This application of solar power is less common than the two above mentioned units 
because of the cost of the large panels and storage system that is required to make it work. 
Often, if an entire building is heated by solar power, passive collectors are used in addition to 
one of the other two types. Passive collectors are generally an integral part of the building 
itself, so buildings taking advantage of passive collectors must be designed with solar heating 
in mind.  
These passive collectors can take a few different forms. The most basic type is the incidental 
heat trap, which is fairly simple in terms of implementation. By allowing the maximum 
amount of light through a window, we allow sunlight to fall on a floor made of stone or 
another heat holding material. We note that the window should be facing towards the equator 
for this to be achieved. During the day, the area will stay cool as the floor absorbs most of the 
heat. By night fall, the area will stay warm as the stone re-emits the heat it absorbed during 
the day. 
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 Another major form of passive collector is the thermosiphon walls and/or roof. With this 
passive collector, heat is normally absorbed and wasted in the walls and roof is re-routed into 
the area that needs to be heated.  
 
 
 
 
 
 
 
 
The last major form of passive collector is the solar pond. This is very similar to the solar 
heated pool described above but the emphasis is different. With swimming pools, the desired 
result is a warm pool. With the solar pond, the whole purpose of the pond is to serve as an 
energy regulator for a building. The pond is placed either adjacent to or on the building. It will 
absorb solar energy and convert it to heat during the day. This heat can be taken into the 
building or if the building has more than enough heat already, heat can be dumped from the 
building into the pond.   
Solar energy can be used for other activities besides heating. It may seem extraordinary, but 
one of the most common uses of solar energy today is cooling. Solar cooling is far more 
expensive than solar heating, and so it is almost never implemented in private homes. Solar 
energy is used to cool things by phase changing a liquid to gas through application of heat, 
and then forcing the gas into a low pressure chamber. The temperature of a gas is related to 
the pressure containing it. Under normal condition, the same gas under a lower pressure will 
have a lower temperature. This cooled gas can be used to absorb heat from the area of interest 
and then be forced into a region of higher pressure whereby the excess heat will be lost to the 
outside world. The net effect is that of a pump moving heat from one area into another, and 
the first is accordingly cooled.  
Figure 1.6 Schematic diagram of a solar pond 
(Akbarzadeh, 2008) 
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Besides being used fro heating and cooling, solar energy can be directly converted to 
electricity. Most of our tools are designed to be driven by electricity, and so if you can create 
electricity through solar power, you can run almost anything with solar power. The solar 
collectors that convert radiation into electricity can be either flat-plane collectors or focusing 
collectors. We note that the silicon components of these collectors are photovoltaic cells.  
Photovoltaic cells convert radiation to electricity. This phenomenon has been known for over 
half a century. Most of the photovoltaic cells on the market today operate at an efficiency of 
less than 15% based on all the radiation that falls upon them. That means that less than 15% 
of it is converted to electricity. The maximum theoretical efficiency for a photovoltaic cell is 
only 32.3%. At this efficiency, solar electricity is deemed to be very economical. 
Unfortunately, most of our other forms of electricity generation are at a lower efficiency, and 
reality still lags behind theory. As such, it is only suitable for toys and pocket calculators. The 
hope for bulk solar electricity should not be abandoned as recent scientific advances have 
created a solar cell with an efficiency of 28.2% efficiency in the laboratory (Roger A. 
Messenger, 2004). This type of cell has yet to be field tested. If it maintains its efficiency in 
the uncontrolled environment of the outside world and does not have a tendency to break 
down, it will be economical for power companies to build solar power facilities for 
commercialization.  
Of all the sources available, solar energy has perhaps the most promise. It is capable of 
producing the raw power required to satisfy the entire planet's energy needs. Environmentally, 
it is one of the least destructive of all the sources of energy. Practically, it can be adjusted to 
power nearly everything except transportation with very little adjustment, and even 
transportation with some modest modifications to the current general system of travel. Clearly, 
solar energy is a resource of the future. 
1.1.3 Thermoelectric  
In the last decades, uprising efforts in science and engineering to increase fuel efficiency was 
by far not able to compensate economical growth in order to at least keep the consumption of 
limited fossil reserves on a constant level. The current scenario incorporates increasing energy 
demand to face short age of resources, which implies the need for tremendous efforts on an 
exit strategy. The aim of science and engineering to develop technologies for providing 
electric energy from renewable sources on a broad basis incorporates an immense obligation 
for environment, living space, wealth, and security for the next generations. Therefore, 
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ecological, economical and social considerations have to enter the engineering processes 
beside technical excellence. On the one hand, decentralized power facilities based on 
renewable resources will play a significant role in the future; on the other hand, the potentials 
of improvement in efficiency have to be exhausted in a wide range of applications. Therefore, 
both existing technologies have to be further developed as well as generating innovative and 
unconventional ideas have to churn out well established solutions. Besides the power 
consumption optimization of single devices and components, interdisciplinary research has to 
combine single optimization potentials by system wide considerations to intelligent global 
solutions.  
 
 
 
 
 
 
 
 
 
Thermoelectric energy conversion is one of the technologies with the potential to play a role 
in future. It incorporates the direct energy conversion from temperature gradients to electric 
energy whereby the fundamental existence of its underlying physical effect has been well 
known for almost two centuries. However, in spite of ongoing efforts, their low conversion 
efficiency currently limits the application of thermoelectric devices to a few highly 
specialized niches. In the last decades, tremendous efforts on material research have provided 
both novel materials for thermoelectric energy conversion and a principle understanding of 
the demands for higher efficiencies. Thus, a directed search for according materials has been 
made possible. Furthermore, recent developments in nanotechnology and low dimensional 
systems include promising potentials for increased efficiencies (Basel, 2009). 
Figure 1.7 Schematic diagram showing components and arrangement of a 
typical single-stage thermoelectric power generator (Basel, 2009). 
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The thermoelectric effect is the direct conversion of temperature differences to electric 
voltage and vice versa. A thermoelectric device creates a voltage when there is a different 
temperature on each side. Conversely, as shown in Figure 1.7, when a voltage is applied to it, 
a temperature difference is created. At an atomic scale (specifically charge carriers), an 
applied temperature difference causes charged carriers (electrons or holes) in the material to 
diffuse from the hot to the cold side. This is similar to a classical gas that expands when 
heated and hence generate a thermally-induced current. This effect can be used to generate 
electricity to measure temperature, to cool objects or for heating. Because the direction of 
heating and cooling is determined by the sign of the applied voltage, thermoelectric devices 
can be very convenient temperature controllers. 
1.2 Research Objectives 
 
1.2.1 Research Questions 
 
This section will present some important questions related to the development of combining 
two essential clean technologies, solar energy and thermoelectric.  
1. Can a combination of solar dish concentrator and thermoelectric cells be a feasible way of 
producing electric power from renewable energy? 
Thermoelectric cells make use of a temperature difference across two faces of the cell in order 
to generate a potential difference and to generate power from the heat sources. The sun 
provides energy in the form of heat and light. However, the available energy in its non 
concentrated form is of very low intensity. As a result, it is not economically feasible to use 
thermoelectric cells with the non concentrated sunlight. Because there are many applications 
of parabolic dish that provides reasonable evidence of thermal conditions, it is acceptable that 
taking advantage of this kind of thermal resource as the input of the thermoelectric cells to 
generate electricity is practical. In this context, parabolic dish concentrator can be used to 
concentrate the solar energy on the thermoelectric cells and thereby increasing their power 
generation capacity. This enables concentrated thermoelectric generation to be economically 
feasible. Therefore, it is imperative to do some fundamental test to show its potential capacity 
of power generation on a larger scale.  
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2. What would be the thermal performance of parabolic concentrator in conjunction with 
thermoelectric cells? 
 
It is necessary to be familiarised with the study of thermal concentration that the parabolic 
dish can provide to the thermoelectric cells. Different sizes of dish can concentrate varying 
concentration of sunlight at various levels; as a result, the heat at the focal point will vary 
dramatically depending on the dish aperture or diameter. Therefore, both theoretical 
calculation and practical measurements on the overall system are needed to access the 
maximum achievable temperature and thus the thermal performance of the complete system. 
 
3. How to maximize the temperature deference across the thermoelectric cells in order to 
achieve the maximum power? 
 
One basic rule that enables thermoelectric cells to generate maximum possible power is to 
create a considerable temperature difference across the hot and the cold side of the cells. In 
this case, the larger temperature difference across the cells can be achieved by using 
concentrated sunlight on the hot face, and using efficient cooling method on the cold side in 
order to achieve the low temperature. Therefore, making a stable cooling side temperature and 
designing a sufficient cooling device or system is one of the main tasks of this project. 
 
1.2.2 Aim of the Project 
 
The objectives of developing clean energy system based on the sun presents the following 
points. 
 
• Setting up experimental facilities for testing and characterising single thermoelectric 
cell. The necessity is that it can only be fully applied to the solar energy by 
familiarising the nature of thermoelectric itself. A thorough database contains the  
characteristic of thermoelectric is meaningful for further research and systematic 
development of the combination of solar and thermoelectric.  
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• Justifying the possibility of using thermoelectric device for power generation from 
renewable energy sources. The experimental outcome of this thesis can provide 
referable evidence in the means of studying and developing further mechanisms in the 
area of renewable energy conversion system.   
 
• Designing and building a novel system that can produce electric power from 
thermoelectric material by using solar thermal energy. 
 
• Providing an additional documentation of thermoelectric as a reconfiguration of 
thermoelectric in conjunction with the utilization of solar energy. 
 
1.3 Outline of Thesis 
 
Figure 1.8 is the demonstration of the outline in this thesis. In this chapter, the importance of 
renewable energy and thermoelectric, objectives for this thesis, research questions have been 
outlined. The remainder of this thesis is divided into nine additional chapters. Chapter 2 
(Solar Thermal and Its Application) gives a background on current solar thermal technologies 
and reviews conventional systems as well as different applications in solar concentrators. In 
Chapter 3 (Introduction to Thermoelectricity), details about the history of this elegant 
technology have been illustrated, fundamental theory of evaluating thermoelectric have been 
introduced as well as descriptions about the most common used material in the field of 
thermoelectric, includes procedures of manufacturing pure materials. Chapter 4 (Processing 
and Producing Thermoelectric Material) details and further discuss both the conventional and 
recent methodologies of producing thermoelectric materials in the purpose of industrial 
usages. Chapter 5 (Solar Thermal and Thermoelectric) describes the latest technological 
concepts and systems on the conjunction of solar thermal and thermoelectric. In Chapter 6 
(Concentrated Thermoelectric Generator Design), theoretical analysis that based on the 
concentrated dish system and thermoelectric as well as design concept (CAD design) have 
been developed. In order to optimize the proposed design, Chapter 7 (Testing for Single 
Thermoelectric Cells) depicts the experimental results about the characteristics of single 
thermoelectric cell purchased from two companies. Statistic analysis about the two different 
data has been made so that the better thermoelectric cell can be implemented into the 
proposed mechanism. In Chapter 8 (Mechanical Design of the Concentrated Thermoelectric 
Generator), details about the fabricated mechanical components have been illustrated. Chapter 
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9 (Experimental Results of the CTEG) presents the main finding of characteristic of the 
fabricated system and the experimental studies conducted to demonstrate the feasibility of the 
concept. Chapter 10 (Conclusions) illustrates the major outcomes of this thesis and 
suggestions for future research directions. Finally, appendices which contain additional 
supporting material are presented at the end of the thesis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.8 Schematic outline of thesis 
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Chapter 2 
 
Solar Thermal and Its Applications  
 
 
2.1 Introduction of Solar Energy and Its Applications 
 
All forms of energy in the world as we know it are converted from solar energy in originally. 
Oil, coal, natural gas, and wood were first produced by photosynthetic processes, and then 
followed by complex chemical reactions in which decaying vegetation was subjected to very 
high temperatures and pressures over a long period of time. Even the energies of the wind and 
tide have their solar origin since they are caused by differences in temperature at various 
regions over the earth. Solar energy has been used by both nature and human since time 
immemorial in thousands of ways from growing food to drying clothes and it has also been 
deliberately harnessed to perform a number of labour jobs. Solar energy is also used to control 
building temperatures, heat water for domestic and industrial uses, maintain swimming pool 
temperature, power refrigerators, operate engines and pumps, desalinate water for drinking 
purposes, generate electricity, implement chemistry applications, etc. 
 
As outlined in the last chapter, mankind is faced with a situation in which the price of fuels 
will accelerate as natural reserves are diminished. Considering that the price of oil has become 
firmly established as the leading price for all fuel prices, the conclusion is that energy prices 
will increase continuously over the next decades.  
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On the contrary, solar systems that include solar thermal and photovoltaic powering, offer 
environmental advantages over electricity generation using conventional energy sources. The 
benefits arising from the installation and operation of solar energy systems fall into two main 
categories: environmental and socioeconomical issues. From an environmental viewpoint, the 
use of solar technologies has several positive implications that includes reduction of the 
emission of the greenhouse gases (mainly CO2 and NOx), and of toxic gas emissions (SO2, 
particulates), reclamation of degraded land, reduced requirement for transmission lines within 
the electricity grid, as well as improvement of the quality of water resources. The 
socioeconomic benefits of solar technologies include increased regional and national energy 
independence, creation of employment opportunities, restructuring of energy markets due to 
penetration of a new technology and the growth of new production activities, diversification 
and security (stability) of energy supply, acceleration of electrification of rural communities 
in isolated areas and saving foreign currency. The negative environmental aspects of solar 
energy systems include pollution stemming from production, installation, maintenance, and 
demolition of the systems; noise during construction; land displacement; visual intrusion (S. 
Kalogirou, 2009). 
 
From a systematic point of view, thermal power using concentrated solar collectors was the 
first solar energy technology that demonstrated its grid power potential. Dated back to 1979, 
when the first commercial solar plant was installed in Albuquerque, New Mexico. It consisted 
of 220 heliostats and achieved an output of 5 MW. The second was erected at Barstow, 
California, USA, with a total thermal output of 35 MW (SERI, 1987). Most of the solar plants 
produce electricity or process heat for industrial use and they provide superheated steam 
reaching up to 673 K. Thus, they can generate electricity or steam to drive small-capacity 
conventional desalination plants driven by thermal or electrical energy. A total of 354 MW 
solar thermal power plants have been operating continuously in California since 1985. 
Progress in solar thermal power stalled after that time because of poor policy and lack of 
research and development grants. However, the last five years have seen a resurgence of 
interest in this area, and a number of solar thermal power plants around the world are under 
construction (Meinecke and Bohn, 1995). The cost of power from these plants (which so far is 
in the range of $0.12 to $0.16/kWh) has the potential to go down to $0.05/kWh with scale-up 
and creation of a mass market (EERE).  An advantage of solar thermal power is that thermal 
energy can be stored efficiently and fuels such as natural gas or biogas may be used as backup 
to ensure continuous operation. 
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In the final analysis, solar thermal energy is the most abundant energy and is available in both 
direct as well as indirect forms. But only about 0.1% of this energy when converted at an 
efficiency of 10% can generate four times the world’s total generating capacity of about 3000 
GW. It is also worthwhile noting that the total annual solar radiation falling on the earth is 
more than 7500 times the world’s total annual primary energy consumption of 450 EJ. The 
annual solar radiation reaching surface of the earth is approximately 3,400,000 EJ, and is an 
order of magnitude greater than all the estimated (discovered and undiscovered) non-
renewable energy resources that includes fossil and nuclear fuels. However, 80% of the 
present worldwide energy used is based on fossil fuels (Thirugnanasambandam, 2010). Risks 
associated with their use are that they are all potentially vulnerable to adverse weather 
conditions or human action. The world demand for fossil fuels is expected to exceed annual 
production probably within the next two decades. International economic and political crisis 
and conflicts can also be initiated by shortages of oil or gas. Moreover, burning fossil fuels 
release harmful emissions such as carbon dioxide, nitrogen oxides, and aerosols, which affect 
the environment. Therefore, discovering diversities of solar power plants is one of the initial 
challenges for us to face. 
 
2.2 Solar Collector 
 
Solar energy collectors are special kinds of heat exchangers that transform solar radiation 
energy to internal energy of the transport medium (S. Kalogirou, 2009). The major component 
of any solar energy system is its collector. This is a device that absorbs the incoming solar 
radiation, converts it into heat and transfers the heat to a fluid (usually air, water, or oil) 
flowing through the collector. The solar energy collected is carried from the circulating fluid 
either directly to the hot water or space conditioning equipment or to a thermal energy storage 
tank from which it can be drawn for use at night or during cloudy days. 
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2.2.1 Stationary Collector 
 
The stationary solar collectors are permanently fixed in position and do not track the direction 
of maximum solar exposure. Three main types of collectors fall into this category: 1) Flat-
plate collectors (FPCs), 2) Stationary compound parabolic collectors (CPCs), and 3) 
Evacuated tube collectors (ETCs). 
 
2.2.1.1 Flat-plate Collectors 
 
The schematic of a typical flat-plate solar collector is shown in Figure 2.1. When solar 
radiation passes through a transparent cover and impinges on the blackened absorber surface 
with high absorptivity, a large portion of this energy is absorbed by the plate and transferred 
to the transport medium in the fluid tubes and to be carried away for storage or use. The 
underside of the absorber plate and the two sides are well insulated to reduce conduction 
losses. The liquid tubes can be welded to the absorbing plate or they can be an integral part of 
the plate. The liquid tubes are connected at both ends by large-diameter header tubes (S. 
Kalogirou, 2009). The header and riser collector is the typical design for flat-plate collectors. 
The absorber plate can be a single sheet on which all risers are fixed, or each riser can be 
fixed on a separate fin. The transparent cover is used to reduce convection losses from the 
absorber plate through the restraint of the stagnant air layer between the absorber plate and the 
glass (N. Benz, 1998). It also reduces radiation losses from the collector because the glass is 
transparent to the shortwave radiation received by the sun, but it is nearly opaque to long-
wave thermal radiation emitted by the absorber plate (due to greenhouse effect). 
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Flat-plate collectors have been built in a wide variety of designs and from many different 
materials. The advantages of flat-plate collectors are that they are inexpensive to manufacture, 
collect both beam and diffuse radiation, and are permanently fixed in position. Therefore, no 
tracking of the optimal solar exposure is required (S. Kalogirou, 2003). 
 
They have been used to heat fluids such as 1) water, 2) water plus antifreeze additive, or 3) air. 
Their major purpose is to collect as much solar energy as possible at the lowest possible total 
cost. The collector should also have a long effective life, despite the adverse effects of the 
sun’s ultraviolet radiation, corrosion and clogging because of acidity, alkalinity or hardness of 
the heat transfer fluid, freezing of water, deposition of dust or moisture on the glazing 
resulting in breakage of the glazing from thermal expansion, hail, vandalism, and many other 
causes. These causes can be minimized by the use of tempered glass (which is a type of glass 
that is more strengthened, and also known as toughened glass). 
 
 
 
 
 
 
 
Figure 2.1 Internal configuration of a flat plate solar collector (Southface Energy Institute, 2011). 
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2.2.1.2 Compound Parabolic Collectors  
 
 
 
 
Compound parabolic collectors (CPCs) are non-imaging concentrators. They have the 
capability of reflecting light to the absorber such that all of the incident radiations are within 
their wide limits. Their potential as collectors of solar energy was pointed out by Winston 
(1974). The necessity of moving the concentrator to accommodate the changing solar 
orientation can be reduced by using a trough with two sections of a parabola facing each other 
as shown in Figure 2.2 (S. Kalogirou, 2009). 
 
Compound parabolic concentrators can accept incoming radiation over a relatively wide range 
of angles. By using multiple internal reflections, any radiation entering the aperture within the 
collector acceptance angle can find its way to the absorber surface located at the bottom of the 
collector. The absorber can take a variety of configurations. As shown by Figure 2.2, it can be 
flat, bifacial, wedge or cylindrical. 
 
Figure 2.2 Various absorber types of CPCs (S. Kalogirou, 2009). 
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Two basic types of CPC collectors have been designed: symmetric and asymmetric. CPCs 
usually employ two main types of absorbers: the fin type with a pipe and tubular absorbers. 
The fin type can be flat, bifacial, or wedge, and can be single channel or multichannel. 
Compound parabolic collectors should have a gap between the receiver and the reflector in 
order to prevent the reflector from acting as a fin conducting heat away from the absorber. 
Because the gap results in loss of reflector area and a corresponding loss of performance, it 
should be kept small. This is more important for flat receivers (A. Rabl, 1976).  
 
2.2.1.3 Evacuated Tube Solar Collectors  
 
 
 
 
 
 
 
 
 
 
 
 
 
Evacuated heat pipe solar collectors (tubes) operate differently from the other collectors 
available on the market. These solar collectors consist of a heat pipe inside a vacuum-sealed 
tube as shown in Figure 2.3.  
 
Evacuated tube collectors use liquid-vapor phase change materials to transfer heat at high 
efficiency. These collectors feature a heat pipe (a highly efficient thermal conductor) placed 
inside a vacuum-sealed tube. The pipe, which is a sealed copper pipe, is attached to a black 
copper fin that fills the tube (absorber plate). Protruding from the top of each tube is a metal 
tip attached to the sealed pipe (condenser). The heat pipe contains a small amount of fluid 
(e.g., methanol) that undergoes an evaporating-condensing cycle. In this cycle, solar heat 
evaporates the liquid and the vapour travels to the heat sink region where it condenses and 
releases its latent heat. Then, condensed fluid returns to the solar collector and the process is 
repeated (S. Kalogirou, 2009). When these tubes are mounted, the metal tips project into a 
Figure 2.3 Schematic diagram of an evacuated tube collector (Lumos Solar, 2009). 
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heat exchanger (manifold) as shown in Figure 2.3. Water or glycol flows through the 
manifold and picks up the heat from the tubes (G. Morrison, 2001).  
 
The heated liquid circulates through another heat exchanger and gives off heat to a process or 
water stored in a solar storage tank. Another possibility is to use the evacuated tube collector 
connected directly to a hot water storage tank. Because no evaporation or condensation above 
the phase-change temperature is possible, the heat pipe offers inherent protection from 
freezing and overheating. This self-limiting temperature control is a unique feature of the 
evacuated heat pipe collector. Like flat-plate collectors, they collect both direct and diffuse 
radiation. However, their efficiency is higher at low incidence angles. This effect tends to give 
evacuated tube collectors an advantage over flat-plate collectors in terms of day long 
performance. 
 
2.2.2 Concentrating Solar Power 
 
Temperatures far above those attainable by flat plate collectors can be reached if a large 
amount of solar radiation is concentrated on a relatively small collection area. This is done by 
interposing an optical device between the source of radiation and the energy-absorbing 
surface. Concentrating collectors exhibit certain advantages over the conventional stationary 
type. The main advantages include achieve the higher temperatures that are achieved by 
working fluid in a concentrator system as compared to a flat-plate system of the same solar 
energy-collecting surface (S. Kalogirou, 1994). This means that it is possible with a 
concentrator system to achieve a match between temperature level and task. The task may be 
to operate thermionic, thermodynamic or other higher-temperature devices. Thermal 
efficiency is greater because of the small heat loss area relative to the receiver area. Reflecting 
surfaces require less material and are structurally simpler than flat-plate collectors. For a 
concentrating collector, the cost per unit area of the solar-collecting surface is therefore less 
than that of a flat plate collector owing to the relatively small area of receiver per unit of 
collected solar energy. Selective surface treatment and vacuum insulation that reduce heat 
losses and improve the collector efficiency are economically viable. However, some 
disadvantages of the concentrator systems are that they collect little diffuse radiation 
depending on the concentration ratio. Furthermore, some form of tracking system is required 
to enable the collector to follow the direction of optimal exposure. Finally, solar reflecting 
surfaces may lose their reflectance with time and may require periodic cleaning and 
refurbishing (S. Kalogirou, 2009). 
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For concentrating collectors, solar energy is optically concentrated before being transferred 
into heat. Concentration can be obtained by reflection or refraction of solar radiation by the 
use of mirrors or lenses. The reflected or refracted light is concentrated in a focal zone and 
thus increasing the energy flux by the receiving target. Concentrating collectors can also be 
classified into non-imaging and imaging, depending on whether the image of the sun is 
focused at the receiver. The concentrator belonging in the first category is the Compound 
parabolic concentrators, whereas all the other types of concentrators belong to the imaging 
type. The collectors falling into this category are: 1) parabolic trough collector, 2) linear 
Fresnel reflector, 3) parabolic dish, and 4) central receiver (Heliostat collector). 
 
2.2.2.1 Heliostat Field Collectors  
 
For extremely high inputs of radiant energy, a multiplicity of flat mirrors, or heliostats, using 
altazimuth mounts can be used to reflect their incident direct solar radiation onto a common 
target as shown in Figure 2.4a. This is called the heliostat field or central receiver collector. 
By using slightly concave mirror segments on the heliostats, large amounts of thermal energy 
can be directed into the cavity of a steam generator to produce steam at high temperature and 
pressure. The concentrated heat energy absorbed by the receiver is transferred to a circulating 
fluid that can be stored and later used to produce energy again (P. De Laquil, 1993). Central 
receivers have several advantages that include collecting solar energy optically and 
transferring it to a single receiver, and thus minimizing thermal energy transport requirements. 
They typically achieve concentration ratios of 300 to 1500 and so are highly productive of 
electricity. They can also conveniently store thermal energy, they are quite large (generally 
more than 10 MW), and thus benefit from economies of scale. The optimum sizes lie between 
50–400 MW. It is estimated that power towers could generate electricity at around 
US$0.04/kWh by 2020 (M. Romero, 2002). 
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A central receiver system comprises of five main components: heliostats (including their 
tracking system), receiver, heat transport and exchange, thermal storage, and controls. For 
most solar power studies, it has been observed that the collector presents the largest cost in the 
system. Therefore, an efficient engine is justified to obtain maximum useful conversion of the 
collected energy. The power conversion system consists of a steam generator, turbine 
generator and support equipment that convert the thermal energy into electricity and supply it 
to the utility grid. Additionally, there will be thermal storage system which typically stores the 
collected energy as sensible heat for later delivery to the power conversion system. The 
storage system also decouples the collection of solar energy from its conversion to electricity.  
The molten salt storage system retains heat efficiently so that it can be stored for hours or 
even days before being used to generate electricity (Figure 2.4b).  
 
Furthermore, a variety of receiver shapes has been considered including cylindrical receivers 
and cavity receivers. The optimum shape of the receiver is a function of radiation intercepted 
and absorbed thermal losses, cost, and design of the heliostat field. For a large heliostat field, 
a cylindrical receiver is best suited to be used with Rankine cycle engines. Another possibility 
is to use Brayton cycle turbines, which require higher temperatures (of about 1000°C) for 
their operation. In this case, cavity receivers with larger tower height to heliostat field area 
ratios are more suitable. Brayton cycle engines provide high engine efficiencies but are 
limited by the fact that a cavity receiver is required, which reduces the numbers of heliostats 
Figure 2.4 Diagrams of central tower system. (a) A photo realistic 
diagram of solar tower power plant. (b) Schematic diagram of central 
tower system (W.Vogel & H. Kalb, 2010).
(a)  (b) 
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that can be used. Rankine cycle engines that are driven from steam generated in the receiver 
operate at 500–550°C and have two important advantages over the Brayton cycle. The first is 
that the heat transfer coefficients in the steam generator are high, allowing the use of high 
energy densities and smaller receivers. The second is that they employ cylindrical receivers, 
which permit larger heliostat fields to be used (S. Kalogirou, 2009). 
 
2.2.2.2 Parabolic Trough Collectors 
 
Parabolic trough collectors (PTCs) are made by bending a sheet of reflective material into a 
parabolic shape. A black metal tube that is covered with a glass tube to reduce heat losses is 
placed along the focal line of the receiver (see Figure 2.5). When the parabola is pointed 
toward the sun, parallel rays incident on the reflector are reflected onto the receiver tube. The 
concentrated radiation reaching the receiver tube heats the fluid that circulates through it, and 
thus transforming the solar radiation into useful heat. It is sufficient to use a single-axis 
tracking of the sun; and therefore, long collector modules are produced. The collector can be 
oriented in an east-west direction, or tracking the sun from north to south, or in a north-south 
direction, tracking the sun from east to west. The advantages of the former tracking mode is 
that very little collector adjustment is required during the day and the full aperture always 
faces the sun at noon but the collector performance during the early and late hours of the day 
is greatly reduced due to large incidence angles (cosine loss). North-south oriented troughs 
have their highest cosine loss at noon and the lowest in the mornings and evenings when the 
sun is due east or due west (S. Kalogirou, 2009). 
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Parabolic trough technology is the most advanced of all solar thermal technologies because of 
considerable experience with the systems and the development of a small commercial 
industry to produce and market these systems. The receiver of a parabolic trough is linear. 
Usually, a tube is placed along the focal line to form an external surface receiver (Figure 2.5). 
The size of the tube and therefore the concentration ratio is determined by the size of the 
reflected sun image and the manufacturing tolerances of the trough. The surface of the 
receiver is typically plated with a selective coating that has a high absorptance for solar 
radiation but a low emittance for thermal radiation loss. A glass cover tube is usually placed 
around the receiver tube to reduce the convective heat loss from the receiver, and thereby 
further reducing the heat loss coefficient. A disadvantage of the glass cover tube is that the 
reflected light from the concentrator must pass through the glass to reach the absorber and 
adding a transmittance loss of about 0.9 when the glass is clean. The glass envelope usually 
has an antireflective coating to improve transmissivity. To further reduce convective heat loss 
from the receiver tube and thereby increase the performance of the collector and particularly 
for high-temperature applications, one way is to evacuate the space between the glass cover 
tube and the receiver. The total receiver tube length of PTCs ranges from 25 m to 150 m. 
 
Other improvements include the use of a small mirror on the backside of the receiver to 
capture and reflect any scattered sun rays back onto the receiver, direct steam generation into 
the receiver tube to simplify the energy conversion and reduce heat loss, and the use of more 
Figure 2.5 Schematic diagram parabolic trough collector (IEA, 2005). 
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advanced materials for the reflectors and selective coatings of the receiver (V. Dudley, 1995). 
Particularly, research and development, aiming to reduce the cost in half in the coming years 
include higher-reflectivity mirrors, more sophisticated sun-tracking systems, better receiver 
selective coatings with higher absorptance and lower emittance, better mirror-cleaning 
techniques, better heat transfer techniques by adopting direct steam generation, optimized 
hybrid Integrated Solar Combined-Cycle System (ISCCS) designs to allow maximum solar 
input, development of trough system designs that provide the best combination of low initial 
cost and low maintenance as well as development of thermal storage options that allow night 
time dispatch of solar-only trough plants (D. Kruger, 2000, S. Kalogirou, 2009). 
 
Parabolic trough technology proved to be tough and reliable. They are sophisticated optical 
instruments. Today, the second-generation parabolic troughs have more precise mirror 
curvature and alignment, which enables them to have higher efficiency than the first plants 
erected in California, USA. 
 
 
 
 
 
2.2.2.3 Parabolic Dish Reflector 
 
A parabolic dish reflector (PDR), shown schematically in Figure 2.7, is a point-focus collector 
that tracks the sun in two axes, concentrating solar energy onto a receiver located at the focal 
point of the dish.  
 
Figure 2.6 A photo realistic diagram of parabolic dish collectors (T. Mancini, 2003). 
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The receiver absorbs the radiant solar energy and converts it into thermal energy in a 
circulating fluid. The thermal energy can then be either converted into electricity using an 
engine-generator coupled directly to the receiver or transported through pipes to a central 
power conversion system. Parabolic dishes have several important advantages, which include 
perpetual facing to the sun, high efficiency as compared to other collector systems, good 
concentration ratios in the range of 600 to 2000 and are highly efficient at thermal-energy 
absorption and power conversion systems. They are modular collector and receiver units that 
can function either independently or as part of a larger system of dishes (P. De Laquil, 1993). 
 
 
 
A dish-engine system is a stand-alone unit composed primarily of a collector, a receiver, and 
an engine (Figure 2.7). It works by collecting and concentrating solar energy with a dish-
shaped surface onto a receiver that absorbs the energy and transfers it to the engine. The heat 
is then converted in the engine to mechanical power in a manner similar to conventional 
engines by compressing the working fluid when it is cold, heating the compressed working 
fluid and expanding it through a turbine or with a piston to produce mechanical power. An 
electric generator converts the mechanical power into electrical power. 
 
Dish-engine systems use a dual-axis tracking system to follow the sun and so are the most 
efficient collector systems because they are always pointing towards the sun. Concentration 
ratios usually range from 600 to 2000 and they can achieve temperatures in excess of 1500°C 
(S. Kalogirou, 2009).  
Figure 2.7 Schematic diagram of dish engine system (B. Washom, 1984). 
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(a) (b) 
 
          
 
 
 
 
2.2.2.4 Fresnel Collectors 
 
A Fresnel collector has two variants: the Fresnel lens collector (FLC) as shown in Figure 2.8a, 
and the linear Fresnel reflector (LFR) shown in Figure 2.8b. The former is made from a 
plastic material and shaped in the way shown to focus the solar rays to a point receiver, 
whereas the latter relies on an array of linear mirror strips that concentrate light onto a linear 
receiver. The LFR collector can be imagined as a broken-up parabolic trough reflector. But 
unlike parabolic troughs, the individual strips need not be of parabolic shape. The strips can 
also be mounted on flat ground (field) to concentrate light on a linear fixed receiver mounted 
on a tower.  
 
A representation of an element of an LFR collector field is shown in Figure 2.9. In this case, 
large absorbers can be constructed and the absorber does not have to be moved. The greatest 
advantage of this type of system is that it uses flat or elastically curved reflectors, which are 
cheaper than parabolic glass reflectors. Additionally, these are mounted close to the ground, 
and thus minimizing structural requirements (D. Feuermann, 1991). 
Figure 2.8 Schematic diagrams of two types of Fresnel collectors. (a) Fresnel lens collector 
(FLC). (b) Linear Fresnel-type parabolic trough collector (S. Kalogirou, 2009). 
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One difficulty with the LFR technology is that avoidance of shading and blocking between 
adjacent reflectors leads to increased spacing between reflectors. Blocking can be reduced by 
increasing the height of the absorber towers but this also increases cost. Compact Linear 
Fresnel Reflector (CLFR) technology has been recently developed by research group leaded 
by David R. Mills at University of Sydney, Australia. This is in effect a second type of 
solution for the Fresnel reflector field problem that has been overlooked until recently. In this 
design adjacent linear elements can be interleaved to avoid shading (J. Gordon, 2001).  
 
2.3 Summary 
 
Varieties of the solar energy system have been developed and even commercialized. The 
achievement behind this technique is clearly dramatic and can lead to a situation where the 
shape of future power plant is. In this thesis, the dish system has been chosen to apply to a 
new promising area such as thermoelectric. Details about the system and testing results, as 
well as thermoelectric technology will be illustrated in the next few chapters. 
 
Figure 2.9 Demonstration of Linear Fresnel-type parabolic trough collector (J. Fernandes, 2010). 
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Chapter 3 
 
Introduction to Thermoelectricity 
 
 
3.1 History of Thermoelectricity 
In 1821, Thomas Johann Seebeck discovered that a circuit made from two dissimilar metals, 
with junctions at different temperatures deflects a compass magnet. Seebeck initially 
believed this was due to magnetism induced by the temperature difference. However, it was 
quickly realized that it was an electrical current that is induced, and by Ampere’s law, 
results in deflection of the magnet. More specifically, the temperature difference produces 
an electric potential (voltage) which can drive a current in a closed circuit. Today, this is 
known as the “Seebeck effect”.  
The voltage produced is proportional to the temperature difference between the two 
junctions. The proportionality constant is known as the Seebeck coefficient, and often 
referred to as the thermoelectric power (or thermopower). Additionally, the Seebeck 
voltage does not depend on the distribution of temperature along the metals between the 
junctions. This is the physical basis for a thermocouple, which is used widely for 
temperature measurement.  
In 1834, a French watchmaker and part time physicist named Jean Charles Athanase Peltier 
found that an electrical current can produce heating or cooling at the junction of two 
dissimilar metals. In 1838, Lenz showed that depending on the direction of current flow, 
heat could be either removed from a junction to freeze water into ice. By reversing the 
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current, heat can be generated to melt ice. The heat absorbed or created at the junction is 
proportional to the electrical current. The proportionality constant is known as the Peltier 
coefficient. 
 
Twenty years later, William Thomson (later known as Lord Kelvin) issued a 
comprehensive explanation of the Seebeck and Peltier Effects, and described their 
interrelationship. The Seebeck and Peltier coefficients are related in terms of 
thermodynamics properties. The Peltier coefficient is simply the Seebeck coefficient times 
the absolute temperature. This thermodynamic derivation leads William Thomson to 
predict a third thermoelectric effect, now known as the Thomson effect. For the Thomson 
effect, heat is absorbed or produced when current flows in a material with a temperature 
gradient. The heat is proportional to both the electric current and the temperature gradient. 
The proportionality constant, known as the Thomson coefficient is related to the Seebeck 
coefficient. 
 
 
 
 
 
 
 
Although thermoelectric effects were discovered in the first half of the 19th century, the first 
“thermoelectric generator” was introduced by Markus in 1864. As it is shown in Figure 3.1, 
the negative metal in Markus’s thermopile was a 10:6:6 alloy ratio of copper, zinc and 
nickel that is similar to German silver, and the positive metal was a 12:5:1 alloy ratio of 
antimony, zinc and bismuth (Urbanitsky, 1886). The EMF of a single couple was quoted as 
"One-twentieth of a Daniel cell" which makes it about 55 millivolts. The iron bar a-b was 
heated and the lower ends cooled by immersion in water. A defect of this design was a 
rapid increase in internal resistance as the two alloys oxidised at their point of contact. 
Figure 3.1 Markus’s thermopile in 1864 (Pouillet, 2008). 
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Nevertheless, Markus' thermopile won a prize in 1865 from the Vienna Society for the 
Promotion of Science.  
Around the same period, another thermoelectric generator was invented by M. Edmond 
Becquerel. A gas burner was used to provide heat to the thermopiles, which were fabricated 
from copper sulphide and German silver. As shown by Figure 3.2, water was used to cool 
the cold junction of the thermoelectric generator (Pouillet, 2008). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fifteen years later, Clamond and Mure developed a thermoelectric generator using zinc-
antimony and iron for the first time. The main purpose for this gas-powered thermopile was 
electrolysis. It consumed 6 cubic feet of gas per hour to liberate 0.7 oz of copper. The 
output current was quoted in this outlandish form because electroplating was the main 
application of these devices. Also, it is possible that practical ammeters did not exist yet. 
Figures 3.3 and 3.4 show the details of Clamond-Mure thermoelectric generator. The 
diagonal connections that join each ring of couples in series can be seen between the two 
vertical strips. The gas pipe can be seen coming in from bottom right through a gas pressure 
regulator that has been used for stabilizing generator. 
In 1879, Clamond designed a new type of thermopile with its EMF no less than 109 volts 
and an internal resistance of 15.5 Ohms in order to improve his system. The maximum 
power output was therefore 192 W at 54 V and 3.5 A. Figure 3.5 shows the design of such 
system.  This pile was fired by coke whereby the hot junctions were at C while the cold 
Figure 3.2 Diagram of Becquerel thermoelectric generator. D is a block of a 
cooling area for the cold junction, the cooling water inlet is labelled as B, and 
exiting at port C. A is for gas supply for the burner (Pouillet, 2008). 
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junctions D were cooled by sheet iron as in the original design. What purpose was served 
by the tortuous path T-O-P taken by the hot gases is unclear. This is because there seem to 
have been no hot junctions in the inner sections. This device was 98 inches high and 39 
inches in diameter. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 Clamond-Mure thermoelectric generator: plan view. The solid sectors 
A were made of the alloy, while the cooling fins labelled as F were made of 
sheet iron to act as cooling fins for the cold junctions (Pouillet, 2008). 
Figure 3.3 Clamond-Mure thermoelectric generator (Pouillet, 2008). 
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Hauck, on the other hand, developed another frame of design for thermoelectric generator 
as it is shown in Figure 3.6. The EMF of a single couple was quoted as "0.1 of a Daniel 
cell" which makes it about 110 millivolts. The current capacity using 30 couples was 
"capable of making a platinum wire 1.2 inches long red-hot", which is not a very useful sort 
of spec since it is quite difficult to find out certain documentation that recorded the 
thickness of the wire at that time. The Hauck pile was fired by gas, whereby the cold 
junctions were water-cooled by a series of little cylindrical tanks and there was an obscure 
little glass device in the middle. These devices appear to have been produced commercially 
in different sizes with two or three placed on a common frame. They were used for science 
education and electroplating.  
Figure 3.5 Improved Clamond Thermopile; 1879 (Pouillet, 2008). 
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In the early 20th century, Yamamoto designed a very similar thermopile (1905). Because of 
the great Tokyo Earthquake in 1923, much of this design had been destroyed, left only a 
few details as it is depicted in Figure 3.7 (Pouillet, 2008). The P-type material is made of 
bismuth, antimony and zinc in the proportions: Bi:Sb:Zn=12.0:48.0:36.8. Here, D is a P-
type "Bullet", E is a Nickel electrical connection, F is the pin to collect heat flow from the 
flame, port A is an electrical and thermal metal connection, and finally, port B is a cooling 
fin.  
The first commercial wide-spread thermoelectric generator was introduced in 1925 by the 
name “Thermattaix” as shown in Figure 3.7 (Pouillet, 2008). The main purpose of this gas-
based generator was to power radio devices which were the state-of-the art mean of mass 
communications at that time. The voltmeter on the front registers from 0 to 10 Volts, which 
is a suitable voltage range for charging accumulators running at 6.3 Volt valve heaters. The 
Figure 3.6 Diagram of Hauck's thermopile (Pouillet, 2008). 
Figure 3.7 Yamamoto patent: 1905 (Pouillet, 2008). 
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black knob below the meter controlled something- presumably the gas supply. It appears 
this device was designed to charge lead-acid accumulators rather than power the radio 
directly. This may have been because output voltage fluctuations would have had little 
effect on accumulators, but would have been very bad for the filaments of valve heaters. 
 
 
 
 
3.2 Fundamental of Thermoelectric  
 
3.2.1 Seebeck Effect 
 
The thermoelectric effects which underlie thermoelectric energy conversion can be 
discussed with reference to the schematic diagram of a thermocouple shown in Figure 3.9. 
It can be considered as a circuit formed from two dissimilar conductors that are labelled a 
and b. In thermoelectric terminology, these are referred to as thermocouple legs, arms, 
thermoelements, and sometimes as pellets by device manufacturers. They are connected 
electrically in series but thermally in parallel (D. M. Rowe, 2006). If the junctions of a and 
b are maintained at different temperatures T1 and T2 whereby T1> T2. An open circuit 
electromotive force (emf), V is developed between the free ends and is given by 
Figure 3.8 The Thermattaix (Pouillet, 2008) 
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T1 T2
)21( TTV −=α  or TV Δ= /α , which defines the differential Seebeck coefficient abα  
between the elements a and b. The equation to describe such relation is as followed: 
                                 
T
V
ab Δ=α  ,                                     (3.1) 
where abα  is deemed to be positive if the emf tends to drive the electric current through 
conductor a from the hot junction to the cold junction, and is measured in V/K or more 
often in μV/K. It is noted that, the quantity that is now known as the Seebeck coefficient 
has often been called the thermoelectric power or the thermal emf coefficient. Moreover, by 
convention, α  is the symbol for the Seebeck coefficient, and S is also sometimes used for 
description. The sign of α  is positive if the emf causes a current to flow in a clockwise 
direction around the circuit. 
                              
 
 
 
 
 
 
 
  
 
 
3.2.2 Peltier Effect 
 
An electric current that passes through a junction of dissimilar materials will absorb or 
liberate heat depending on the direction of flow. This reversible conversion of electrical and 
thermal energy is termed the Peltier effect (Figure 3.10). The Peltier coefficient is defined 
by  
                                                   
ab
ab I
Q=π  .                                     (3.2) 
It has the units of watts per ampere (W/A). The magnitude of the Peltier coefficient 
depends on the materials at the junction and the temperature. The convention has been 
adopted such that Iab is positive when the current flows from point a to b. Quantity of heat, 
Figure 3.9 Schematic of thermocouple. 
a
bb
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Q is absorbed from the surroundings. This may include Joule heating due to the junction 
resistance.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
3.2.3 Thomson Effect 
 
A third thermoelectric effect exists although it is not of primary importance in 
thermoelectric devices. This is the reversible absorption of liberation or heat in a 
homogeneous conductor when a temperature gradient and an electric current are imposed 
simultaneously as illustrated in Figure 3.11. 
 
The Thomson coefficient τ is defined by  
                                               TI
Q
Δ=τ  .                                       (3.3) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11 Schematic of Thomson Effect. 
Figure 3.10 Schematic of Peltier Effect. 
Q
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Q
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Here, Q is the amount of energy absorbed when the current flows toward the higher 
temperature region. The units are the same as the Seebeck coefficient (V/K). As the electric 
current moves from the lower to the higher temperature region, heat must be added to raise 
the temperature of the charge carriers. This amount of heat must be equal to the number of 
charge carriers multiplied by their “specific heat”. Thus, the Thomson coefficient is also 
known as the specific heat of electricity (C.R.Russell, 1967). 
 
In metals such as zinc and copper that have a hotter end at a higher potential and a cooler 
end at a lower potential, when current moves from the hotter end to the colder end, it is 
moving from a high to a low potential. This creates an evolution of heat and is called the 
positive Thomson effect. For metals such as cobalt, nickel, and iron that have a cooler end 
at a higher potential and a hotter end at a lower potential, when current moves from the 
hotter end to the colder end, it is moving from a low to a high potential and thereby causes 
absorption of heat. This is called the negative Thomson effect. 
 
3.2.4 Kelvin Relation 
 
The relations between thermoelectric effects were published by Lord Kelvin (W. Thomson) 
in 1854. His analysis provides a simple and accurate description of thermoelectricity.  
 
The Peltier coefficient is related to the Seebeck coefficient by  
                                                   απ T=  .                                       (3.4)              
And the Thomson coefficient is related to the Seebeck coefficient by  
                                                  dT
dT ατ =  ,                                        (3.5) 
where T is the absolute temperature. 
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3.2.5 Thermoelectric Figure-of-Merit and Efficiency 
 
 
 
 
A thermoelectric converter is a heat engine, and like all heat engines, it obeys the laws of 
thermodynamics. If we first consider the converter operating as an ideal generator in which 
there are no heat losses, the efficiency is defined as the ratio of the electrical power 
delivered to the load (PL) to the heat absorbed at the hot junction (Qh). Expressions for the 
important parameters in thermoelectric generation can be derived by considering the 
simplest generator consisting of a single thermocouple with thermoelements fabricated 
from the n- and p-type semiconductors as shown in Figure 3.12.  
 
The schematic thermoelectric generator consists of p-type and n-type semiconductors 
joined at the top to a metal surface at TH on which a thermal source implies. In this thesis, 
the energy source will be solar energy; the following assumption is based on the necessity 
of the project which will be illustrated in Chapter 5 that includes further calculations of the 
systematic parameters. Across the cold ends of the two legs at TC, a load resistance RL is 
connected. If the voltage is denoted by V, the power delivered to the load PL is 
Figure 3.12 Schematic diagram of the thermoelectric generator. 
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                                            LL RIP 2=  .                                     (3.6) 
 
As it is pointed out in Equation 3.1, the voltage (V) can be also depicts as followed: 
                 )()( pnLCHpn RRITT +=−α  ,                            (3.7) 
where nppn ααα += , αp and αn are the Seebeck coefficient of the p-type and n-type 
material respectively, and nppn RRR += , whereby Rp and Rn are the series connected 
electric resistance of the p-type and n-type material, respectively. 
 
Therefore, the conversion efficiency can be expressed as: 
 
                      
pnCHh
L
TTQ
RI
λη )(
2
−==  ,                          (3.8) 
where 11 −− += tntppn RRλ  is the thermal conductance of p and n in parallel and Rtp is the 
thermal resistance of the p-type material, Rtn is the thermal resistance of the n-type material. 
 
Substituting Equation 3.7 into 3.8, we obtained 
                                    2
22
)(
)(
)( pnL
CHpn
pnCH
L
RR
TT
TT
R
+
−×−=
α
λη  .                 (3.9) 
Therefore, Equation 3.9 transforms into 
                     2
2
)(
)(
pnL
L
pn
CHpn
RR
RTT
+×
−= λ
αη  .                      (3.10) 
The maximum efficiency can be obtained by calculating the derivation of Equation 3.10. 
Thus, the derivation is 
                       [ ]322 )(2)()( −− +−+×−= pnLLpnL
pn
CHpn
L
RRRRR
TT
dR
d
λ
αη  .        (3.11) 
Therefore, the result leads to 
                                         pnL RR = .                                         (3.12) 
Substituting Equation 3.12 in 3.10 yields the maximum efficiency 
                                 
pnpn
CHpn
R
TT
λ
αη
4
)(2
max
−=  .                               (3.13) 
Equation 3.13 can be also expressed as 
                                 
4
)(max H
H
CH ZT
T
TT −=η  ,                           (3.14) 
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where HCHC TTT )( −=η  is the expression of Carnot efficiency. 
 
Also, we can observed that  
                       
pnpn
pn
R
Z λ
α 2=  .                                          (3.15) 
In some texts and applications, Equation 3.15, known as the figure-of-merit of 
thermoelectric, is also explained as following: 
                                    λ
σα 2=Z   ,                                           (3.16) 
where σα 2 s is also referred to as the electrical power factor and σ is the electric 
conductivity of the thermoelectric materials. Conventionally, the unit of the Z value is K-1. 
 
Furthermore, it is more commonly expressed as the dimensionless figure of merit ZT by 
multiplying it with the average temperature ((TH + TC) / 2). The value of the figure of merit 
is usually proportional to the efficiency of the device subject to certain provisions. 
Particularly, the requirement that the two materials of the couple must has similar Z values. 
ZT is therefore a very convenient figure for comparing the potential efficiency of devices 
using different materials.  Values of ZT=1 are considered good, and values of ZT in the 3–4 
range are considered be essential for thermoelectric in order to compete with mechanical 
generation and refrigeration efficiency. To date, the best reported ZT values have been in 
the 2–3 range. Much research in thermoelectric materials has focused on increasing the 
Seebeck coefficient and reducing the thermal conductivity, especially by manipulating the 
nanostructure of the materials. The following subsections illustrate the basic rules and 
development in material aspect of thermoelectric industry. 
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3.3 Thermoelectric Material 
 
3.3.1 Basic Properties of Thermoelectric Material 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Thermoelectric phenomena are exhibited in almost all conducting materials. One of the 
parameters that are used in the classification of materials is electrical conductivity. The 
electrical conductivity is a reflection of the charge carrier concentration and all three 
parameters which occur in the figure-of-merit are functions of carrier concentration. Simply, 
the carrier concentration is a reflection of the number of electrons or holes per unit volumes 
within a semiconductor material. The electrical conductivity increases with an increase in 
carrier concentration while the Seebeck coefficient decreases. Because the figure-of-merit 
varies with temperature a more meaningful measure of performance is the dimensionless 
figure-of-merit ZT where T is absolute temperature. However, only those materials which 
possess a ZT> 0.5 are usually regarded as thermoelectric materials. 
 
Figure 3.13 Best ZT values for representatives of n-type materials (C. Godart, 2008). 
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Established thermoelectric materials (those which are employed in commercial applications 
as well as in academic research) can be conveniently divided into three groups with each 
dependent upon the temperature range of operation (Figure 3.13 & 3.14). Alloys based on 
bismuth in combinations with antimony, tellurium, and selenium are referred to as low-
temperature materials and can be used at temperatures up to around 450 K. These are the 
materials universally employed in thermoelectric refrigeration and have no serious 
contenders for applications over this temperature regime. The intermediate temperature that 
ranges up to around 850 K is the regime of materials based on lead telluride while 
thermoelements employed at the highest temperatures are fabricated from silicon 
germanium alloys and operate up to 1300 K. 
 
Although the abovementioned materials still remain the cornerstone for commercial 
applications in thermoelectric generation and refrigeration, significant advances have been 
made in synthesizing new materials and fabricating material structures with improved 
thermoelectric performance. Efforts have focused on improving the figure-of-merit by 
reducing the lattice thermal conductivity. Two research avenues are currently being pursued. 
One is a search for the so-called “phonon glass-electronic crystals” in which it is proposed 
that crystal structures containing weakly bound atoms or molecules“rattle”within an 
Figure 3.14 Best ZT values for representatives of p-type materials (C. Godart, 2008). 
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atomic cage conduct heat like a glass and conduct electricity like a crystal. Candidate 
materials receiving considerable attention are the filled skutterudites and the clathrates (H. J. 
Goldsmid, 2001). 
 
During the past decade, material scientists have been optimistic in their belief that low-
dimensional structures such as quantum wells (materials which are so thin as to be 
essentially of two dimensions (2D), quantum wires (extremely small cross-section and 
considered to be of one dimension, ane referred to as nanowires), quantum dots which are 
quantum confined in all directions and superlattices (a multiple-layered structure of 
quantum wells) will provide a route for achieving significantly improved thermoelectric 
figures-of-merit. The expectation is that the reduced dimensions of these structures will 
result in an increase in phonon interface scattering and a consequent reduction in lattice 
thermal conductivity (H. Julian Goldsmid, 2009). 
 
Although low-dimensional structures can find immediate applications in microelectronics, 
the technology at present is expensive and applying it to bulk devices is problematic. In 
some respects, nanowires appear a more attractive proposition for thermoelectric 
applications than quantum well superlattices because the geometry of the current flow is 
more favourable and the fabrication process more compatible with integrated technology 
than Molecular Beam Epitaxy (MBE). 
 
3.3.2 Bismuth 
 
Bismuth was one of the first thermoelectric materials to be studied, and for many years it 
was used in radiation thermopiles. It has a negative Seebeck coefficient when pure, and it 
was common practice to complete the thermocouple with another Group V element known 
as antimony that has a positive Seebeck coefficient. In contrast to arsenic and antimony, 
bismuth has proved benign in its effects on humans, and compounds such as bismuth 
subsalicylate have been used for many years as a palliative for upset stomachs and 
intestinal distress, as well as for outlining the alimentary tract during X-ray examination 
(Sean Fuller). 
 
Bismuth is a brittle metal with a white, silver-pink hue, often occurring in its native form 
with an iridescent oxide tarnish showing many colours from yellow to blue (Figure 3.15). 
The spiral stair stepped structure of a bismuth crystal is the result of a higher growth rate 
around the outside edges than on the inside edges. The variations in the thickness of the 
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(a) (b) 
oxide layer that forms on the surface of the crystal cause different wavelengths of light to 
interfere upon reflection are thereby displaying a rainbow of colours. When combusted with 
oxygen, bismuth burns with a blue flame and its oxide forms yellow fumes. Its toxicity is 
much lower than that of its neighbours in the periodic table such as lead, tin, tellurium, 
antimony, and polonium (Stephen M. Jasinski, 1995).  
 
             
  
 
 
 
Although ununpentium is theoretically more diamagnetic, no other metal is verified to be 
more naturally diamagnetic than bismuth. It is the most diamagnetic of naturally occurring 
elements. (superdiamagnetism is a different physical phenomenon.) Of any metal, it has the 
second lowest thermal conductivity (after mercury) and the highest Hall coefficient. It also 
has a high electrical resistance. When deposited in sufficiently thin layers on a substrate, 
bismuth is a semiconductor rather than a poor metal.  Elemental bismuth is one of very few 
substances whereby the liquid phase is denser than its solid phase (water being the best-
known example). Bismuth expands 3.32% on solidification; therefore, it was long an 
important component of low-melting typesetting alloys where it compensated for the 
contraction of the other alloying components (Funsho K. Ojebuoboh, 1992). 
 
Some native bismuth occurs in veins associated with silver, lead, zinc and tine areas of 
Bolivia, Canada and Germany. However, the major source of this element is as a by-
product from the treatment of lead, copper, tine, zinc, and silver ores. 
 
Figure 3.15 Diagrams of bismuth crystal. (a) Bismuth crystal with an iridescent 
oxide surface. (b) lab grown crystal Bismuth egg (Udo, 2000). 
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As with antimony, bismuth accompanies molten lead through the smelting and refining 
operations. Two important methods for removing bismuth are the Betterton-Kroll and Betts 
processes. The former process, which is responsible for the recovery of over 90% of the 
bismuth metal and is widely used throughout the world, relies on the formation of 
compounds such as Ca2Bi2 and Mg3Bi2 that have low densities and high melting points. 
During refining in the so-called furnace kettle, these compounds float to the surface of the 
molten lead and can be skimmed off as dross. The dross is then heated in other small kettles, 
any entrapped lead removed by liquation, and the dross chlorinated to remove calcium and 
magnesium. A final treatment with caustic soda produces bismuth which may be 99.95% 
pure. 
 
In the Betts process, the impure lead bullion is cast into anode plates, a number of which 
are places in an electrolytic cell along with pure lead cathodes. The electrolyte is a solution 
of lead fluorosilicate PbSiF6 and fluorosilicic acid H2SiF6 to which is added a small amount 
of glue or other suitable agent. During electrolysis, the lead from the anodes dissolves and 
is redeposited on the cathodes whereas the impurities including bismuth remain on the face 
of the anode as a porous slime. This slime is selectively oxidized to remove arsenic, 
antimony and lead while the bismuth remains in a slag. This bismuth-rich slag is fluxed and 
reduced with carbon to form a copper matte together with crude bismuth metal that is 
removed and refined by the same procedure as used in the Betterton-Kroll process. 
 
Bismuth can also be recovered from tin concentrates by leaching with hydrochloric acid. 
The acid leach liquor is clarified by settling or filtration and the bismuth is precipitated as 
bismuth oxychloride when the liquors are diluted with larger volumes of water. The 
bismuth oxychloride is impure and is usually redissolved in hydrochloric acid, and then 
reprecipitated several times. It is then dried, mixed with soda ash and carbon, and reduced 
to the metal. Additional refining must be carried out if high-purity bismuth is required 
(N.C.Norman, 1998). 
 
In the recent advancement, J.G. Yang, 2009, proposed a novel solution for separate and 
recover bismuth from bismuth glance through electrowinning. Figure 3.16a illustrates the 
procedure for leaching, purification and recovery of bismuth from this bismuth glance 
concentrate by the process of electrowinning.  Leaching was carried out in 250 mL glass 
flasks by adding a weighed amount of bismuth concentrate, sodium chlorate, sodium 
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chloride and surfactant to diluted HCl solution at the desired temperature with magnetic 
stirring at 250 rpm. The basic chemical reaction that took place is 
SOHNaClBiClHClNaClOSBi 3326 23332 +++=++  . 
As underlined by Figure 3.16b, this depicts a schematic structure of an electrowinning 
device.  At the cathode, the electrode reaction is 
BieBi =++ 33  . 
At the anode, the following reactions are possible but no oxygen or chlorine was detected 
under the conditions used whereby 
222 HeH =++  , 
OHClOeOHCl 23 366 +=−+ −−−  , 
OHOeOH 22 244 +=−−  , 
222 CleCl =−−  . 
The composition of the catholyte is 70 g/L Bi3+ (as bismuth chloride), 25 g/L NaCl, and 4.5 
mol/L HCl. The composition of the anolyte is initially 20 g/L sodium hydroxide but a small 
leakage of chloride ion from the catholyte built up over time, which is oxidised to chlorate 
at the anode. Both electrolytes are recirculated to separate tanks by means of two peristaltic 
pumps at a high flow rate of 600 cm3/min to ensure adequate mixing of electrolytes in the 
cell compartments. 
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Overall, although bismuth is most available today as a by-product, its sustainability is more 
dependent on recycling. It is mostly a by-product of lead smelting, along with silver, zinc, 
antimony, and other metals, while sometimes of copper production, as well as of tungsten 
production, along with molybdenum and tin. Recycling bismuth is difficult in many of its 
end uses, primarily because of scattering. Probably the easiest to recycle would be bismuth-
containing fusible alloys in the form of larger objects and then larger soldered objects.  
Today, half of the world's solder consumption is in electronics (especially in circuit boards). 
As the soldered objects get smaller or contain little solder or little bismuth, the recovery 
becomes progressively more difficult and less economic, although solder with a higher 
(b)  
(a) 
Figure 3.16 Design for bismuth recovery from bismuth glance by using electrowinning cell. 
(a) The experimental procedure. (b) Structure of the bismuth membrane electrowinning cell. 
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silver content will be more worthwhile recovering. Moreover, the bismuth gets scattered the 
most in stomach medicines (bismuth subsalicylate), paints bismuth vanadates on a dry 
surface, pearlescent cosmetics (bismuth oxychloride), and bismuth-containing bullets. For 
the usage of thermoelectric application, bismuth has been playing a driving force for 
promoting the significants in research aspects with the conjunctions of other materials as it 
is mentioned in the last subsection. The process and methodologies for producing such kind 
of thermoelectric materials will be illustrated in the next chapter. 
3.3.3 Bismuth Telluride 
 
Bismuth telluride based materials has been widely employed by Seebeck application. The 
first report that bismuth telluride Bi2Te3 is an effective thermoelectric material appeared in 
1954 (H. J. Goldsmid, 2001). A thermocouple made from a p-type sample of the compound 
connected to a negative thermoelement made from bismuth was found to yield a cooling 
effect of 26K below ambient temperature by means of the Peltier effect. 
 
Bismuth telluride forms single crystals that are markedly anisotropic in their mechanical 
properties. The crystal structure is such that the bismuth and tellurium atoms are arranged 
in parallel layers following the sequence: 
                                       −Te[1]−Bi −Te[2]− Bi −Te[1]− , 
which is continually repeated. Strong covalent-ionic bonds exist between the Bi atoms and 
the Te atoms on both types of site but the layers of Te[1] atoms are bound to neighbouring 
Te[1] layers only by weak van der Waals forces.  
 
Bismuth telluride was selected as a material to be studied on account of its high mean 
atomic weight. It has the relatively low melting temperature of 585°C and satisfies the 
criteria set by both Ioffe and Ioffe. By Keyes, it has a low lattice conductivity. The material 
in the first experiments was produced by the zone melting of a mixture of the elements in 
the correct proportions. The number of acceptors is such that the Fermi energy lies close to 
the optimum value with the Seebeck coefficient equal to 220 μ V/K. The original sample 
was aligned with current flow perpendicular to the c-direction and the electrical and thermal 
conductivities were found to be 4×104 Ω-1m-1 and 2.1W/m K, respectively. The figure-of-
merit zp was no more than about 0.9×10-3 K-1 and, at that time, there was no n-type 
bismuth telluride to complete the couple. In fact, a properly aligned crystal of bismuth 
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would have provided a negative branch with at least the figure of merit of the positive 
bismuth telluride branch, but only a polycrystalline sample was available.  
 
 
 
There is no reason why the negative and positive branches of a thermocouple should consist 
of the same element or compound. Nevertheless, it happens that the figure-of-merit of 
optimised n-type bismuth telluride is almost the same as that of optimised p-type material. 
By 1955, after n-type bismuth telluride had been obtained through the addition of the donor 
impurity (iodine), it was found that a couple made from both types of the compound gave a 
Peltier cooling effect of 40K below room temperature. The figure-of-merit Z for the couple 
could have been no more than about 1.2×10-3 K-1 with ZT equal to about 0.35. During the 
next couple of years, the techniques for producing uniformly doped bismuth telluride of 
both conductivity types were improved so that the properties could be truly optimised. It 
was found that the optimum electrical conductivity is close to 1×105 Ω-1m-1 and the 
dimensionless figure-of-merit for the best couple made from Bi2Te3 is then about 0.6.  
 
These early results for bismuth telluride validated the theoretical work on the selection and 
optimisation of materials. It also brought into prominence the deleterious effect of minority 
carriers. Thus, the plot of Seebeck coefficient against electrical conductivity in Figure 3.17 
shows not only the increase of Seebeck coefficient as the electrical conductivity is reduced 
Figure 3.17 Seebeck coefficient plotted against electrical 
conductivity for p-type and n-type bismuth (H. J. Goldsmid, 2009). 
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in the extrinsic region but also the decrease of Seebeck coefficient in the mixed and 
intrinsic regions. Undoped melt-grown Bi2Te3 is p-type with the electrical conductivity 
slightly higher than that for which the Seebeck coefficient has its maximum value. Higher 
electrical conductivities are obtained by doping with an acceptor impurity such as lead.  
 
Based on Figure 3.18, we show how the thermal conductivity varies with electrical 
conductivity. As one might have expected, the thermal conductivity generally rises with 
increasing electrical conductivity due to the increase in the electronic component. However, 
at low values of the electrical conductivity, the thermal conductivity again becomes larger.  
 
 
 
Goldsmid and Delves in 1961 made a direct comparison between the thermoelectric 
properties of selected bismuth telluride alloys and the best Bi2Te3 that was available. This 
comparison has the advantage that the materials were prepared using the same zone-melting 
apparatus and the measurements were all carried out using the same equipment. The 
reliability of the results was confirmed by assessing the performance of thermocouples 
made from the compound and alloys. The figure-of-merit varies with the carrier 
concentration but the optimum electrical conductivity has more or less the same value for 
both p-type and n-type material and for both the solid solutions and the pure compound. 
The figure of merit at 20°C is plotted against electrical conductivity in Figure 3.19. 
 
 
 
Figure 3.18 Plot of thermal conductivity against electrical conductivity 
for bismuth telluride at 300K (H. J. Goldsmid, 2009). 
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The compositions that were developed in the late 1950s and the early 1960s have been used 
in the manufacture of modules since that time. It is possible that marginal improvements 
may result from the simultaneous addition of Sb2Te3 and Bi2Se3 to Bi2Te3. Yim and Rosi 
claimed that Bi0.5Sb1.5Te2.91Se0.09 with excess Te is the best p-type material and that 
Bi1.8Sb0.2Te2.85Se0.15 doped with SbI3 gives the highest n-type figure of merit. They 
observed values for z equal to 3.3×10-3 K-1 at 300K for both materials and it was widely 
accepted until recently that a dimensionless figure-of-merit ZT equal to unity is the best 
that can be achieved using bismuth telluride alloys. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.19 Plot of the thermoelectric figure of merit against electrical conductivity 
for p-type and n-type Bi2Te3 and specified solid solutions (H. J. Goldsmid, 2009). 
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Chapter 4 
 
Processing and Producing 
Thermoelectric Material 
 
 
 
4.1 Production Methods for Thermoelectric Materials 
 
4.1.1 Conventional Material Preparation Methods---The Czochralski Method 
 
The Czochralski (CZ) method is by far the most popular method accounting for between 80% 
and 90% of all silicon crystals grown for the semiconductor industry. Single crystals produced 
by the Czochralski method have the most perfect crystal structure and possesses the most 
optimistic thermoelectric efficiency. The Czochralski crystal growth method uses a quartz 
crucible of high purity in which pieces of polycrystalline material termed “charge” are heated 
above their melting point (e.g. 1415 °C for silicon). The schematic of a crucible shown in 
Figure 4.1 is heated by either induction using radio-frequency (RF) energy or thermal 
resistance methods. A “seed” crystal that is about 0.5cm in diameter and 10 cm long with the 
desired orientation is lowered into a molten crystal termed “melt” and then drawn up at a 
carefully controlled rate. 
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When the procedure is properly done and the thermal steady state is achieved, the materials in 
the melt will enter a transition into a solid-phase crystal at the solid-liquid interface so that the 
newly created material accurately replicates the crystal structure of the seed crystal (Figure 
4.1). The resulting single crystal is called the “boule”. Modern boules of silicon can reach 
diameters of over 300 mm and up to 2 m long. (Manijeh Razeghi, 2002). The whole crystal 
growth assembly is placed in a closed water-cooled chamber that is evacuated and filled with 
an inert gas (usually argon) at low pressure. This is to ensure that the system is shielded from 
the effect of harmful atmospheric gases and temperature fluctuations. 
 
Since both the molten semiconductor and solid are at the same pressure and have 
approximately the same composition, crystallization results by the decline of temperature. As 
Figure 4.1 Cross-section of a furnace used for the growth of single-crystal 
semiconductor boules by the Czochralski process. During the process, a tiny 
single crystal is suspended in a pool of hot molten material, and is slowly drawn 
upward as the crystal grows from the melt. The resulting boule can be many 
centimetres across, and as much a meter in length (Manijeh Razeghi, 2002). 
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the melt is drawn up, it loses heat via radiation and convection to the inert gas. This heat lost 
results in a substantial thermal gradient across the liquid and solid interface. At this interface, 
additional energy must be lost to accommodate the latent heat of fusion for the solid. A 
control volume based on a one-dimensional (x-axis) energy balance for the interface yields 
the following relation: 
                                  
dt
dmL
dx
dTAK
dx
dTAK ssll =⎟⎠
⎞⎜⎝
⎛ −−⎟⎠
⎞⎜⎝
⎛ −  ,                  (4.1) 
where at the melting point Kl and Ks are the thermal conductivity of the liquid and solid 
silicon respectively, A is the cross-sectional area of the boule, T is the temperature, L is the 
latent heat of fusion (~340 cal/g for silicon), and m is the mass of the growing solid silicon.  
 
Under normal conditions for CZ growth, the heat diffusion from the liquid is small as 
compared to the heat diffusion from the solid. This allows the above to be simplified and 
yields the following expression for the maximum velocity at which the solid can be pulled 
such that 
                                         s
V dx
dT
LM
k
dm
dT
L
kAv ==max  .                               (4.2) 
Here, Mv is the solid density of the growing crystal. If the crystal is pulled with a velocity 
beyond the vmax, then the solid cannot conduct enough heat away, which will lead to an 
incomplete solidification in a single crystal. In practice, the pull rate of the seed crystal varies 
during the growth cycle accompanied with more advanced control system in this area. It is the 
fastest when growing the relatively narrow neck so the generation of defects known as 
dislocations is minimized. Once the neck has been formed, the pull rate is reduced to form the 
shoulder of the crystal, and finally approaching 5-10 cm per hour during the growth of the 
crystal body. It is also common to introduce dopant atoms into the melt for the purpose of 
perfecting the electrical properties of the final crystal such as carrier type and concentration. 
 
During the entire growth, the seed holder rotates in one direction at 6~8 rpm while the 
crucible rotates in the opposite direction at 12~14 rpm. The crystal diameter is monitored by 
an optical pyrometer that is focused at the interface between the edge of the crystal and the 
melt. An automatic diameter control system maintains the correct crystal diameter through a 
feedback loop control. By carefully controlling the pull rate, the temperature of the crucible, 
the rotation speed of both the crucible and the rod holding the seed, a precise control of the 
diameter of the crystal is obtained.  
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In addition to the CZ process, several impurities can be introduced into the crystal. Since the 
crucibles are made from fused silica and the growth process takes place at temperatures 
around 1500 °C, small amounts of oxygen will be incorporated into the boule. For extremely 
low concentrations of oxygen impurities, the boule can be grown under a magnetic 
confinement. In this situation, a large magnetic field is directed perpendicularly to the pull 
direction and in used to create a Lorentz force. This force will change the motion of the 
ionized impurities in the melt in a manner such that it can keep them away from the 
liquid/solid interface and therefore decrease the impurity concentration. Using this 
arrangement, the oxygen impurity concentration can be dramatically reduced (P. Yu, 2010). 
  
4.1.2 Conventional Material Preparation Methods---Float-zone Method 
 
 
The disadvantages of the conventional Czochralski techniques are the heat dissipation that 
induces a radial temperature gradient across the crystal boule and leading to a poor quality of 
produces. Such disadvantages are eliminated to a considerable extent by use of the vertical 
zone melting method, which is also used in the production of thermoelectric materials based 
on the Bi2Te3 solid solutions. The float-zone (FZ) crystal growth (normally not for compound 
semiconductor growth) proceeds directly from a rod of polycrystalline material obtained from 
the purification process.  
 
A rod of an appropriate diameter is held at the top and placed in the crystal-growing chamber. 
A single crystal seed is clamped in contact at the other end of the rod. The rod and the seed 
are enclosed in a vacuum chamber or inert atmosphere, and an induction-heating coil is placed 
around the rod. The coil melts a small length of the rod starting with part of the single seed 
crystal. A “float-zone” of melt is formed between the seed crystal and the polysilicon rod. The 
molten zone is slowly moved up along the length of the rotating rod by moving the coil 
upward. Note the method uses no crucible as shown in Figure 4.3. For this reason, extremely 
high purity silicon boules can be grown by the float-zone method.  
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The molten region that solidifies first remains in contact with the seed crystal and comprises 
of the same crystal structure as the seed. As the molten region is moved along the length of 
the rod, the polycrystalline rod melts and then solidifies along its entire length to become a 
single crystal rod of silicon. The motion of the heating coil controls the diameter of the crystal. 
Because of the difficulties in preventing collapse of the molten region, this method has been 
limited to small-diameter crystals (of less than 76 mm).  
 
However, since there is no crucible involved in the FZ method, oxygen contamination that 
might arise from the quartz crucible is eliminated. Wafers manufactured by this method find 
their use in applications requiring low-oxygen content, high resistivity starting material for 
devices such as power diodes and power transistors. One disadvantage of float zone crystal 
growth is the difficulty in introducing a uniform concentration of dopants. Currently, four 
techniques are used: core doping, pill doping, gas doping and neutron doping. 
 
Core doping uses a doped polysilicon boule as the starting material and then undoped material 
can be deposited on top of the doped boules until the desired overall doping concentration is 
obtained. This process can be repeated several times to increase the uniformity or the dopant 
Figure 4.2 Cross-section of a furnace used for the growth of single-crystal 
semiconductor boules by the “float-zone” process (Manijeh Razeghi, 2002). 
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distribution and neglecting the first few melt lengths. The final dopant concentration of the 
rod is given by: 
                                       ( )[ ]lzk
f
d
c ekr
rCzC −−−⎥⎥⎦
⎤
⎢⎢⎣
⎡= 11)(  ,                            (4.3) 
where Cc is the dopant concentration in the core rod, rd is the radius of the core rod, rf is the 
radius of the final boule, l is the length of the floating zone, k is the effective distribution 
coefficient for the dopant, and z is the distance from the start of the boule. 
 
Gas doping simply uses the injection of gases such as AsCl3, PH3, or BCl3 into the 
polycrystalline rod as it is being deposited or into the molten ring during float zone refining. 
Pill doping is accomplished by inserting a small pill of dopant into a hole that is bored at the 
top of the rod. If the dopant has a relatively low segregation coefficient, most of it will diffuse 
into the rod as the melt passes over the rod. Gallium and indium are commonly used as pill 
dopants (Manijeh Razeghi, 2002).  
 
4.1.3 Conventional Material Preparation Methods---Bridgman Method 
 
 
The Bridgman method contains two major techniques: one is the Horizontal Bridgman (HB) 
technique and the other is the Vertical Bridgman (VB) method. The Horizontal Bridgman 
crystal growth method is similar to the Czochralski methods except for the fact that the 
material is completely kept inside the crucible during the entire heating and cooling processes. 
As shown in Figure 4.3, the seed crystal (at low temperature) is placed adjacent to the molten 
charge (kept at high temperature), and a lateral temperature gradient is used to control where 
crystallization occurs. By gradually moving the gradient away from the seed crystal as a 
function of time, the crystal boule grows laterally (horizontally) from the seed crystal.  
 
The first major advantage of this technique is that there is no encapsulation required, which 
helps avoid thermal stress at the boundary of the crystal and the encapsulation layer, and 
allows for a precise control of stoichiometry. The second major advantage is the relatively 
low temperature gradients in the solid adjacent to the solid-liquid interface, which results in a 
low dislocation density. However, the main disadvantages of this method are the limitation in 
the size of the crystals and the non-circular (D-shape) cross section that leads to difficulties 
and wasted material in wafer production. 
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On the contrary, Figure 4.4 shows a schematic illustration of the Vertical Bridgman/Vertical 
Gradient Freezing (VB/VGF) method whereby the crucible stands vertically in a furnace and 
contains the material charge with a seed crystal at the bottom. A temperature gradient formed 
upwards along the length of the crystal (away from the seed) to promote the single crystal 
growth from the seed upward.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Because the crystal is formed in the shape of the crucible, the advantage of the method is the 
production of almost cylindrical shaped crystals up to a larger diameter. The low thermal 
Figure 4.3 Schematic diagram depicting the Horizontal Bridgman 
crystal growth method with a moving furnace (K.W. Böer, 1992). 
Figure 4.4 Schematic diagram of the VGF-RMF equipment (O. Pätzold, 2009). 
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gradients result in low residual strains and low dislocation density. Recently, the material 
quality has further been enhanced by using a rotating magnetic field (RMF) in the VGF-RMF 
equipments (O. Pätzold et al. 2004). The RMF affects a conducting fluid via the induced 
current and the Lorentz force. Under a forced flow, a significant reduction of bowing of a 
nominally concave solid-liquid interface was demonstrated. Also, radial temperature gradients 
and associated thermal stresses are reduced under RMF reaction. Finally, micro segregation 
can also be significantly improved due to the better mixing of the melt by the RMF induced 
flow. 
 
4.2 Powder Metallurgy Methods for Producing TE Materials 
 
Although there is no doubt that the highest figures of merit are usually achieved with 
materials that are grown from a melt, there are certain advantages in using a powder 
metallurgy technique. Sintered materials are invariably more robust than those that are melt-
grown and they do not require the same precautions to establish homogeneity. They also offer 
the possibility of improving Z by reducing thermal conductivity. However, sintered 
thermoelectric materials are satisfactory only if the density is reasonably high and if there is 
negligible grain boundary electronic resistance. In addition, some degree of alignment of the 
grains is desirable for materials in which the thermoelectric properties are anisotropic. 
 
The principles of powder metallurgy may be illustrated with regards to Bi2Te3 and its alloys. 
A typical procedure is shown in Figure 4.5. The major elemental components and any 
required impurities are first melted together in a sealed quartz ampoule and then quenched. 
The casting is then powdered by rod or ball milling or some other comminution process. The 
specific explanation of ball milling technique will be illustrated in the next subsection. It is a 
function of selecting a specific range of powder sizes. Therefore, the powder must be 
screened using calibrated sieves. It is then compressed in a die to form a pellet of the required 
dimensions. The green-state pellet is heat treated to sinter the particles together and to anneal 
the material. The changes in dimensions during heat treatment should be effective in 
producing a thermoelement of precisely the required size. Finally, the ends of the sample have 
to be tinned with an appropriate solder after plating (G. S. Nolas, 2000).  
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Successful production of thermoelements has been carried out using a wide range of 
conditions. For example, Cope and Penn, 1968 used particle sizes from 150 μm up to 1mm 
and concluded that the main effect of reducing the particle size lay in the increased risk of 
atmospheric contamination. Oxygen degrades the thermoelectric properties. Therefore, it is 
important to reject the finest particles and to prevent the remaining powder from contact with 
the atmosphere until it has been pressed. Durst et al., 1981, showed that particles in the range 
of 100 to 250 μm should not be too susceptible to atmospheric contamination, and at the same 
time are small compared with the smallest dimension of one thermoelement. This is 
significant because large grains in a sintered sample can impair its mechanical properties. 
Figure 4.5 Sequence of operations in the production of 
sintered thermoelements (G. S. Nolas, 2000). 
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In a cold-pressing process, Cope and Penn found that the density of sintered samples was the 
highest when the compacting pressure was 5×105 kPa although the lower density specimens 
made by Durst et al. had an equally good z value. The choice of sintering temperature is not 
too critical provided that an appropriate doping level is selected. The sintering temperature 
should not lie below 300°C or the sintering process is too slow; temperature above 450°C 
leads to distortion and swelling. This still leaves a fairly wide range. Typically, samples may 
be sintered in an inert or reducing atmosphere for a period of an hour or more at a temperature 
of 400°C. 
 
Note that even cold-pressed sintered thermoelement have a higher electrical resistance in the 
direction of pressing as compared to the one in a perpendicular direction. This is partly due to 
the pressing faults, or cracks of microscopic proportions. These thermoelements should be 
used with current flow perpendicular to the pressing direction. Whether true preferential 
alignment exists or not is best determined by a technique that does not depend on the current 
flow. Goldsmid and Underwood, 1968, used an X-ray method and also a technique that was 
based in a determination of the anisotropy of the Seebeck coefficient at temperatures that 
were high enough for mixed or intrinsic conduction to be displayed. If there is no preferential 
alignment, z of the p-type alloys of Bi2Te3 is reduced by 6% and that of the n-type alloys by 
20%, compared with values for properly oriented single crystals. 
 
Overall, thermoelectric generator materials can also be prepared by using powder metallurgy 
techniques. Most of them are made from crystals that have cubic symmetry and there is 
therefore, no advantage to be gained from aligning the grains. Moreover, in the case of 
silicon-germanium alloys, the reduction of grain size may lead to an improvement in z value 
through boundary scattering of the phonons. It is clear that sintering and allied techniques 
such as ball milling will continue to be important for producing thermoelectric materials. 
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4.3 Thermoelement Production and Thermoelectric Configuration  
 
The technological processes of manufacturing thermoelements from crystallized ingots such 
as cutting and plating are organized in such a way as to avoid any possibility of contamination 
of the thermoelements with processing residues. This will prevent reducing their reliability 
and shortening their lives. The ingot is cut into bars along the cutting planes p by electric 
discharge cutting in deionised water as shown in Figure 4.6a. Then two opposite sides of the 
ingot bar are cleaned in a glow discharge and plated by electron-beam evaporation and 
subsequent deposition in a vacuum. A plated bar ingot is shown in Figure 4.6b. The processes 
of pre-cleaning and plating are performed in a chamber initially at a vacuum of up to 10-6 torr.  
 
The method facilitates pre-cleaning and plating with several layers of various metals and 
alloys in the same technological process without devacuating the chamber. Original 
equipment, developed and manufactured by Crystal Ltd, Russia. is used for crystal growing. 
The method of profiled crystal growing in a flat cavity enables bar shaped ingots to be grown, 
which have the same cross-section as the thermoelements to be made from them with the best 
thermoelectric properties being along the bar ingot length. Advantageous mechanical 
properties are also ensured by the special orientation of cleavage planes (Figure 4.6c). In the 
final stage, the bars will be cut into small thermoelements as shown in Figure 4.6d, of which 
the size is depend on the application aspects. Normally, there will be standardized products 
list uploaded on the website of the manufacturers.   
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(a) Crystallized ingot plate cut into bars. Note the planes, p of cutting 
(b) Plated bar ingot: (1) bar-shaped crystallized material; (2) 
diffusion barrier; (3) comminutional layer and additional diffusion 
barrier; (4) protecting layer. 
(c) Bar-shaped ingot grown in the flat cavity. I is the direction of the 
best thermoelectric efficiency, CP stand for cleavage planes of the 
layered structure. 
(d) Cutting of bar-shaped crystallized material into thermoelements for module production: (1) 
plated bar ingots; (2) conducting pads; (3) substrate; (4) cutter. 
Figure 4.6 Diagrams depicting production of thermoelements (D. M. Rowe, 2006). 
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Figure 4.7 shows a generalized process illustrated above. For the case of producing 
thermoelements, there are varieties of thermoelectric companies who have their own ways to 
fabricating due to the different local policies and markets. For example, most of the 
thermoelectric companies in Asia do not capable of manufacturing the elements through mass 
productive machines. Therefore, there are a large number of process are done manually, 
which has leaded to a lower performance of the device but is accompanied by a much cheaper 
price. Overall, the ability to ensure increased uniformity of properties within one 
thermoelectric device and less variation in characteristics from one device to another by of 
use of the materials produced is an important advantage.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 Simplified manufacturing process of themoelements:  
STM:  Semiconductor thermoelectric material; I:   Direction of current; 
CP:  Cutting plate; 1:  Plate of thermoelectric material (P- or N-type); 2:  Bar ingot 
(P- or N-type); 3:  Thermoelectric elements (P- or N-type) (Crystal Ltd, 2011). 
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Finally, for most practical purposes, a number of thermocouples are connected in series 
electrically while operating thermally in parallel. Such an arrangement of thermocouples is 
known as a thermoelectric module (Figure 4.8). The thermoelements in a module are linked 
together by strips of a good electrical conductor such as copper. The connecting links are 
usually held in good thermal contact with electrically insulating plates that should be made 
from material that conducts heat well. Very often, alumina plates are used but these are not 
particularly good thermal conductors is a better material for this purpose. Sometimes, the 
ceramic plates are metallised to assist in the connection to a heat source and a sink. 
 
 
 
 
 
 
Figure 4.8 A diagram depicting a thermoelectric cell (D. M. Rowe, 2006). 
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Chapter 5 
 
Solar Thermal and Thermoelectric 
 
5.1 Introduction 
 
Thermoelectric and solar-energy technologies are the focus of significant research and can 
make a major contribution to the need to find alternative methods of power generation, 
heating and cooling. Solar-energy or photovoltaic technology is established as an alternative 
energy source. Together with wind, biomass, tidal wave and geothermal are considered a 
renewable energy source. Thermoelectric technology is often overlooked but can be used in 
applications where other technologies can not be used or in combination with other alternative 
technologies. The thermoelectric devices can utilize solar thermal power and waste heat to 
generate electricity and are friendly to the environment. As no refrigerant gas is used, they 
have attracted increasing attention as a green and flexible source of electricity that is able to 
meet a wide range of power requirements. Contemporary problems surrounding climate 
change will act as a stimulus for the development of thermoelectric and the technology is 
successful in cooling, refrigeration and space-craft power and with potential for growth in 
power generation applications.  
 
A solar-driven thermoelectric power generator, in its simplest form, consists of a 
thermoelectric generator and a thermal collector. The solar heat is adsorbed by the thermal 
collector and then concentrated and conducted over the thermoelectric generator by a fluid 
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pipe. The thermal resistance of the thermoelectric generator causes a temperature difference 
that is proportional to the heat flux from the absorber of the thermal collector to the fluid. The 
electric power generated by the thermoelectric generator is proportional to the temperature 
difference (H.X. Xi, 2007). 
 
Chen (1996) made a thermodynamic analysis of solar-driven thermoelectric power generator 
based on a well-insulated flat plate collector. A thermodynamic model including four 
irreversibilities is used to investigate the optimal performance of a solar-driven thermoelectric 
generator. The efficiency of the system is derived and taken as an objective function for 
optimization. Some important curves such as the efficiency of the system versus the operating 
temperature of the solar collector, the reduced current and the load resistance are obtained. 
However, the well-insulated flat plate collector in practice may be difficult to achieve. 
 
In order to improve efficiency of the system, a great deal of experimental research and 
computer simulation has been done. All these works are mainly involved in the following four 
aspects. Firstly, some works focused on the improvement of the solar concentrator to 
concentrate the solar heat to hot side of the thermoelectric generator much better, and then to 
improve the thermal transmission efficiency of solar collector. The thermoelectric materials 
with high quality are relatively expensive, and therefore a thermoelectric generator should be 
designed to enable minimal use of thermoelectric materials for a given power requirement. To 
concentrate the solar radiation so as to create a high temperature gradient across the 
thermoelectric device is an efficient method.  
 
5.2 CPC and Thermoelectric 
 
Despite the fact that many studies on the single line focusing Parabolic Trough Concentrator 
(PTC), the Compound Parabolic Concentrator (CPC) and the two-stage concentrator have 
been developed. Mills first designed a two-stage solar concentrator used for both photovoltaic 
conversion and thermal processes. More recently, Sidding A. Omer presented a design and 
performance evaluation for a two stage solar concentrator, which is comprised of a primary 
one axis PTC and a second stage made of a symmetrical CPC mounted at the focus of the 
primary. This design is well suited to commercially available thermoelectric devices for small 
scale power generation.  
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The two-stage solar concentrator is designed to use a PTC or PTC with low concentration 
factor in conjunction with a secondary receiver to further concentrate the incident solar 
radiation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As can be seen in Figure 5.1, the two-stage concentrator comprises of a one axis parabolic 
trough concentrator and a second stage compound parabolic concentrator to further 
concentrate solar radiation. The hot side of a thermoelectric device is attached to the absorber 
plate to receive the heat energy while the cold side is attached to the cooling tube so as to 
extract the waste heat and maintain a suitable working temperature for the thermoelectric 
device. This design can provide a wider receiver than usual and allow interception of 
incoming rays within a certain angular region. Computational fluid dynamic modeling and 
laboratory-scale experiment are used to assess the designed system. The results showed that 
Figure 5.1 Schematic view of Compound Parabolic Concentrator. (a) two-stage 
concentrator and (b) receiver system (S. A. Omera, 2000). 
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efficiency is very sensitive to the collector tracking misalignment angle, and the system can 
tolerate misalignment angles as high as 4° without significant thermal performance decrease.  
 
5.3 Thermionic Conversion for Power Generation 
 
Thermionic conversion is based on thermionic emission phenomenon, which means that 
under high temperature, electrons will evaporate from the metal surface. A simple thermionic 
converter consists of an emitter and a collector close to each other. When the emitter (cathode 
with high work function) is heated, the electrons will emit from the metal surface and be 
received by the collector (anode) so that current can be generated when using electrical load 
to connect the emitter and collector. The schematic view of a thermionic converter is shown 
in Figure 5.2. Most of the recent research on solar thermionic power generation focuses on the 
application field of space travel energy source. Ogloblin, 1996, presented a thermionic-based 
solar bimodal space electric propulsion system (SEPS) that had the capability to generate both 
direct thermal propulsion and electric energy. The solar high-temperature TEC used in the 
system was a planar diode operating in the Cs–Ba Knudsen mode.  
 
The thermionic energy converter can work with emitter temperature around 2500 K and has 
an efficiency of about 25%. The solar radiation was delivered into the heat-exchanger cavity 
through the focon and the thermionic emitters composed the inner surface of the cavity. When 
using an auxiliary concentration system as the focon, the emitters can be heated to 2600K and 
therefore producing sufficient electric energy efficiently.  
 
Another application is based in 1996 during which the Solar Orbit Transfer Vehicle (SOTV) 
program that is sponsored by the US Air Force Research Laboratory (AFRL) proposed to use 
an advanced lightweight deployable mirrored concentrator to focus solar energy onto a 
compact absorber that is in turn heated to more than 2200 K. This heat can made the attached 
thermionic or alkali metal thermoelectric converter (AMTEC) power converters generate 20 
to 100 kilowatts (kW) of electricity, which is suitable for large-scale application such as cargo 
missions to the Moon and Mars (M. S. El-Genk, 2004). 
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The schematic view of AMTEC is shown in Figure 5.2. The AMTEC is divided into two parts 
with different pressures by BASE. The high-pressure side is filled with sodium metal under 
the temperature maintaining at 900–1300 K and the low-pressure side keeps it at 400–700 K. 
The surface of the low-pressure side of the BASE is covered with porous metal electrode 
(cathode) while the other side in the high pressure-temperature region is covered by the anode 
surface. External load is connected between the cathode and anode at the two sides of BASE 
which therefore enables the circulation of electrons (S.Y. Wu, 2010). 
 
When the system is operating, sodium will be ionized in the high pressure-temperature area. 
While the electrons cannot pass through an alumina solid electrolyte, the sodium ions can go 
through the BASE and meet the electrons circulated through the external loads to recombine 
Figure 5.2 Schematic view of AMTEC (M. S. El-Genk, 2004). 
Figure 5.2 Schematic view of thermionic converter (Y. G. Deng, 2009). 
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the neutralized sodium in the low-pressure side of BASE. After that, the neutralized sodium 
will be cooled by the condenser and returned to the high-pressure evaporator region through 
an electromagnetic pump or a porous capillary wick to circulate again. 
 
5.4 Thermoelectric Roof Solar Collector 
 
Solar thermoelectric technology can also be used to improve indoor environment and save 
building energy consumption. S. Maneewan et al. performed a numerical and laboratory-scale 
investigation on attic heat gain reduction by means of thermoelectric roof solar collector (TE-
RSC). The system is depicted in Figure 5.4. Due to the incident solar radiation, the 
thermoelectric modules had a temperature difference between its hot and cold sides and 
generated direct current to drive a ventilating fan for cooling the TE-RSC and achieving better 
indoor ventilation so as to reduce ceiling heat gain. The analytical result showed that the 
decrease in the roof heat gain of 25%–35% and the corresponding induced air change rate of 
about 20–45 ACH (air changes per hour) can be achieved. According to the economical 
analysis, the annual electrical energy saving was about 362 kW h and the payback period was 
about 4.36 years. When compared to commercial insulations, although the ceiling heat 
transfer reduction in commercial insulations was relatively higher, the initial cost of TE-RSC 
was lower than microfiber or radiant barrier insulations by about 50% and 27% respectively. 
Therefore, the TE-RSC system is an attractive option by reason of its relatively low initial 
cost and simplicity. 
 
The main components of the TE-RSC are a transparent glass, air gap, a copper plate, 
thermoelectric modules and a rectangular fin heat sink. The incident solar radiation heats the 
copper plate to create a temperature difference between the TE modules, which subsequently 
can generate a direct current. This resulted current was used to run a fan for cooling the TE 
and improving the indoor thermal conditions. The lab-scale investigation results indicated that 
that this new roof design with 0.525m2 surface area and 10 thermoelectric modules can  
generate about 1.2W under solar radiation intensity of about 800W/m2 at 30–35 °C ambient 
temperature. The corresponding air velocity generated by the ventilation fan was about 1.7 
m/s. The subsequent simulation results using real house configuration showed that a TE-RSC 
unit of 0.0525m2 surface area could generate about 9W under 972W/m2 solar radiation and 
35 °C ambient temperature. The induced air change rate varied between 20 and 45ACH and 
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the corresponding ceiling heat transfer rate reduction is about 3–5W/m2. The annual electrical 
energy saving was about 362 kWh (S. Maneewan, 2004). 
 
 
 
5.5 Combination of PV and Thermoelectric 
 
It is well known that photovoltaic cells can only convert a small portion of solar energy into 
electric power and a large amount of remaining solar radiation mainly produces heat energy. 
Therefore, a lot of effort has been expended to combine the PV and thermoelectric technology 
in an efficient and powerful way. Most of these inventions are focused on the structure design. 
Micallef presented a Seebeck solar cell device in which the materials used to form conductors 
in the n-type and p-type regions of the cells were chosen for their different thermoelectric 
characteristics. Therefore, electric power could be produced not only from the PV cells but 
also from the temperature gradient in the conductors resulting from solar radiation and waste 
heat generated in the PV cell. Multiple devices can be connected in series or parallel so as to 
enhance the output power. Hunt presented a simple hierarchical structure that had at least one 
thermoelectric module thermally attached to the PV module and can produce electricity both 
from the PV cell and thermoelectric module. This simple structure combining both PV and 
the thermoelectric conversion is shown in Figure 5.5 (Y. G. Deng, 2009). 
Figure 5.4 Schematic of the TE-RSC power generator (S. Maneewan, 2004).
                                                                                                                        
CHAPTER 5. SOLAR THERMAL AND THERMOELECTRIC  
 
                                                                                                                                                                                               - 76 -
 
 
 
 
5.6 Thermophotovoltaic 
 
Furthermore, a new trend for developing material aspect for direct solar to electric convertor 
is becoming more popular. (TPV) is a competing technology for direct thermal-to-electric 
energy conversion. Thermal radiation from a hot source is incident on a filter that transmits 
only photons at the peak emission. All other photons are reflected back to the hot source. 
Transmitted photons are converted to electron/hole pairs in a PN-junction diode. Significant 
losses in conventional photovoltaic are avoided since the diode has a band gap matching the 
peak emission of the hot source. TPV cells with efficiencies exceeding 20% have already 
been demonstrated. The advantages of TPV cells are that they have higher efficiency than TE 
or solid-state TI devices because of the lower parasitic losses.  
 
The investigations in the field of thermophotovoltaics started in the early 1960s but the real 
advantage of the TPV approach has been demonstrated only in the past two decades. 
Germanium and silicon are the materials at first suggested and applied to TPV conversion of 
radiation from fuel-fired emitters; however, the first TPV systems based on these materials 
have not gained their advantages such as low cost and commercial availability. Among the 
III-V compounds, gallium antimonide was the first semiconductor widely used in TPV 
devices. InGaAsSb alloys lattice matched to GaSb as well as InGaAs lattice matched and 
mismatched to InP substrates have been developed for TPV applications as well. 
Figure 5.5 Simple structure combining PV and thermoelectric conversion 
(R. D. Hunt, 2004). 
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(a)  (b)  
Semiconductors such as Si can also be applied to TPV systems with selective emitters in 
which radiation maximum is shifted to a short-wavelength part of spectrum. 
 
 
 
 
 
In Solar Thermophotovoltaic (STPV) systems, as it is shown in Figure 5.6, the sunlight is 
absorbed by an emitter and reemitted as a thermal radiation before illumination of PV cells. 
The STPV system is a variant as a variety of a TPV generator that allows utilizing selective 
filters/mirrors and sub-band gap photon reflection to the emitter and which ensures increased 
efficiency. 
 
Theoretical and experimental studies by N.P.Harder, 2003, and G.D.Cody, 1998, show an 
opportunity to achieve a high efficiency in STPV systems. For ideal system elements, the 
maximal theoretical efficiency was found to be 85.4%, which is close to the efficiency of an 
unlimited stack of tandem cells. In practice, the expected efficiencies of STPV converters are 
20% to 30% (V.Badescu, 2005). 
 
Solar-powered or hybrid solar/fuel powered systems have some additional positive features: 
(a) the TPV fuel-fired part of the hybrid system would permit the operation during the night; 
(b) a hybrid system with PV conversion (or lighting) for a visible part and TPV for an infrared 
part of the solar spectrum can be created as well; (c) a high-temperature ( 2000K) emitter in a 
vacuum bulb can be used with a good-enough ‘quality’ of radiation in STPV systems; (d) like 
Figure 5.6 Schematic diagrams of Thermophotovoltaics. (a) Key elements in a 
solar TPV system. (b) Concept of a solar TPV system with a Fresnel lens as a 
primary concentrator (V. Andreev, 2007). 
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a concentrator photovoltaics, TPV conversion of concentrated sunlight has the ability to 
decrease solar electricity cost in comparison with non-concentrated photovoltaic owing to the 
reduction of the PV cell area which is proportional to an increase of the output electrical 
power density from PV cells and achieving a value exceeding 1W/cm2 in high-concentrator 
STPV systems (V. Andreev, 2007). 
 
5.7 Summary about Solar Thermal and Thermoelectric 
 
The application areas described above show that solar-driven thermoelectric technologies can 
be used in a wide variety of fields. They are attractive technologies that not only can serve the 
needs for power generation, but also can meet demand for energy conservation and 
environment protection. But due to the low energy conversion efficiency, current solar-driven 
thermoelectric devices can only be used in limited applications such as aerospace, military or 
industries in which the cost is not the main consideration. Preference for solar direct thermal 
electric conversion lies in that it does not have mechanical moving parts in the power 
generation module, and therefore can operate stably and silently with a long working life. 
This characteristic not only makes it suitable for the military, deep-space exploration, and 
other fields that have requirements on system stability and noiselessness, but can also reduce 
the maintenance and operating costs in the civilian power generation applications. Meanwhile, 
its system structure is compact and flexible making it especially suitable for some small-scale 
distributed power generation environments.  
 
Therefore, although direct solar thermal electric conversion technologies still have some 
difficulties in large-scale civilian power generation applications from the perspective of cost 
and efficiency, they have very good application prospects in small-scale distributed power 
generation field that has heat energy to utilize. The next chapter will illustrate a new design 
for the combination of solar energy and thermoelectric whereby the research is needed to be 
fully explored.  
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Chapter 6 
 
Concentrated Thermoelectric Generator  
 
 
6.1 Concept of Concentrated Thermoelectric Generator (CTEG)  
 
Solar thermoelectric energy generation is the process of turning solar radiation into useable 
electric energy through thermoelectric energy conversion. The process takes advantage of the 
Seebeck effect, in which a circuit with a maintained temperature difference across a conductor 
induces a current (See Chapter 3). To generate the temperature difference, a constant source 
of thermal energy is needed. One obvious resource is the sun, which has practically no limit 
when it comes to its potential as a supplier of energy for small scale power generation. Solar 
radiation is constant and predictable, which makes it a natural choice to collect and use in 
energy conversion. However, as discussed in Chapter 5, the research as well as practical 
application of the combination of solar thermal technology and thermoelectric materials, is 
still limited, leaving ample room for further studies in this area. The CTEG system is one 
development in this relatively new field of combining thermoelectric effects and solar energy. 
 
The devices used in solar thermoelectric energy generation consist of two components. The 
first is the collector, which traps solar radiation in the form of thermal energy. The second 
component is a thermoelectric element, which uses the trapped thermal energy to heat its hot 
junction and generate current. The design of the thermoelectric component has been 
standardized, but configurations of solar collectors vary widely, as it is described in Chapter 2. 
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In this project, a solar dish system has been chosen as the collector to provide thermal energy 
to the thermoelectric cells.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1 Design concept of the concentrated thermoelectric generator. 
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Figure 6.1 shows the schematic design of a solar based thermoelectric generator named 
concentrated thermoelectric generator (CTEG). The sunlight that is concentrated by a 
parabolic dish can generate sufficient thermal energy on to a focal point where a metal plate 
sit and transfer to the hot side of the thermoelectric cells. Then, using the water cooling device 
to create maximized temperature difference across the cell, a maximum electric power 
production can be achieved. The computer aided design for such system is demonstrated 
based on Figure 6.2. Here, with the parabolic dish system, heat transfer device can be 
observed. The heat transfer device, which is capable of providing a temperature gradient to 
the thermoelectric cells by using collected solar thermal energy and cooling device, made by 
copper (see Chapter 8).  
 
The detail design for the heat transfer device can be obtained based on Figures 6.3 and 6.4. 
The thermal receiver (Figure 6.3), which should be located on the focal point and provide a 
parallel heat source to the hot side of the amount of thermoelectric cells, is capable of holding 
four thermoelectric cells and maximizing the heat transfer efficiency due to the copper 
material. 
 
 
 
 
Figure 6.2 CAD design of the concentrated thermoelectric generator. 
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Moreover, in order to create the maximum temperature different across the thermoelectric 
cells, a cooling device will be fabricated into a thin layer to fully attach to the cold side of the 
thermoelectric cells, and several water channels is designed to have better extraction of heat 
from the hot side (Figure 6.4).  In Chapter 8, there will be further details given regarding all of 
the heat transfer mechanism. 
 
 
Figure 6.3 CAD design of the receiver. 
Figure 6.4 CAD design of the cooling channel. 
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6.2 Theoretical Analysis of the CTEG 
 
6.2.1 Optical Analysis 
 
An analytical model is formulated to assess the thermal and electrical performance of the 
module at different experimental conditions. Figure 6.5 presents the thermal structure of the 
dish collector with a copper plate assembled on the focal point, the incoming solar radiation 
incident on the receiver plate can be represented as: 
                                                               brcr IAQ η=•  ,                                 (6.1) 
where Ac is the area of the solar collector (or reflector), ηr is the reflectance of the reflective 
material that is dependent on the type of the reflective material used (aluminium tape ~ 80% 
reflective), surface condition (highly polished), uniformity of the coating and accuracy of the 
reflector profile. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5 A schematic diagram of the heat flow in the single dish 
system with a copper plate on the focal point. 
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Ib is the beam component of the incident sunlight per unit area (I) that can be successfully 
converge by the collector on the receiver plate as follows  
                                                                   db III −=  .                                         (6.2) 
Here, Id is the diffused component of radiation, which is not utilised by concentrator systems. 
Percentage of beam radiation in the incident sunlight is primarily dependent on the sky 
conditions and is normally more than 90% for clear sky. It should be noted that the fraction of 
the Ib incident on the receiver plate is also dependent on the accuracy of the tracking system. 
Ib can be measured by using pyranometer. The standard value of Ib at noon time for a clear 
sky is 1000 W/m2. 
 
In the case that Figure 6.5 illustrated, its thermal flow can be expressed by the energy balance 
Equation (6.3) as: 
                                                                     •• = lr QQ  ,                                                 (6.3) 
where •rQ is the solar radiation incident on the receiver (the copper plate), 
•
lQ  is the heat 
losses from the receiver plate to the surroundings. In other words, the total radiation that can 
be absorbed by the receiver should be equal to the overall heat losses by both natural 
convection and radiation loss. Therefore, Equation 6.3 can be also presented in Equation (6.4) 
as: 
                                                               •• += lrlcbrc QQIAη   ,                                     (6.4) 
where •lcQ is total heat loss by the natural convection, which can be obtained by equation (6.5) 
as:  
                                                                 )( ararlc TThAQ −=•  ,                                    (6.5) 
where Tr is the temperature of the receiver, Ar is the area of the receiver, ha is the convection 
heat transfer coefficient (= 5.7 + 3.8Vw, Vw is the wind velocity), Ta is the ambient 
temperature. Furthermore, •lrQ is the total heat loss by the radiation of the material, which can 
be presented in Equation (6.6) as:  
                                                                 )( 44 arrlr TTAQ −=• εσ  ,                                  (6.6) 
where ε is the emissivity of the copper receiver plate (~0.8), and σ is the Stefan-Boltzmann’s 
constant (= 5.67 x 10-8 Wm-2K-4). 
 
For a practical application, a dish system that is presented in Figure 6.1 will have incomplete 
errors and may strongly affect the balance of Equation (6.4), which means that the total heat 
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losses have certain mismatch with the in coming solar energy that can be received by the 
copper plate. Therefore, in this thesis, the overall efficiency ηo is going to be introduced as an 
evaluating parameter for illustrating the capacity as well as the efficiency of the dish, which 
can be obtained by  
                                                         ••• += inlrlco QQQ /)(η  ,                                         (6.7) 
where •inQ is the total radiation falling on the solar collector known as IbAcQin ×=•  . The 
details about the experimental results about the dish will be discussed Chapter 9. 
 
6.2.2 Thermal Efficiency of Heat Transfer System 
 
 
 
 
 
 
 
 
 
Figure 6.6 A schematic diagram of the dish with the 
heat transfer system on the focal point. 
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Figure 6.6 illustrates the specification of the thermal flow when a water cooling part being 
attached on the surface of the receiver. The solar radiation is concentrated by the dish and the 
thermal energy will be transferred through the copper receiver, and thus using water to take 
the amount of heat through a cooling channel. The energy balance equation can be then 
presented in Equation (6.8) as: 
                                                        ••• ++= wlrlcbrc QQQIAη  ,                                       (6.8) 
where •wQ  is the total heat that being taken away by the water, which can be obtain by using 
Equation (6.9): 
                                                                                 )( inoutpw TTCmQ −= ••  ,                                       (6.9)  
where •m  is the flow rate of the water, Cp is the heat capacity (=4200 J/kg.K), Tin is the inlet 
cooling water temperature and Tout is the outlet cooling water temperature. 
 
Furthermore, the natural convection as well as the radiation losses of the cooling area should 
also be taken into account when calculating the total heat losses. Therefore, the Equation (6.5) 
and (6.6) in this case can be expressed as: 
                         )(]2
``[ arcaoutinwalc TTAhTa
TTAhQ −+−⎟⎠
⎞⎜⎝
⎛ +=•  ,                                 (6.10)                        
                 and )(]2
``[ 444
4
arc
in
wlr TTATa
ToutTAQ −+−⎟⎠
⎞⎜⎝
⎛ +=• εσεσ  .                   (6.11) 
Here, Tin` and Tout` is the surface temperature of the cooling part and can be recorded by using 
thermocouple attached on the water inlet and outlet direction (as is shown in Figure 6.6); and 
Aw is the total cooling area.  
 
Therefore, the heat transfer efficiency can be evaluated by: 
                                                      ••= inwh QQ /η   .                                                        (6.12) 
Also, the overall efficiency in this case is changing into: 
                                                    •••• ++= inlrlcwo QQQQ /)(η   .                                     (6.13) 
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6.2.3 The Overall System Thermal Investigation 
 
 
 
 
 
Figure 6.7 illustrates the energy flow through the TEG module, which can be expressed by 
energy balance Equation (6.14) as: 
                                                             oldr EQQQ ++= •••  ,                            (6.14) 
where •dQ  is the unutilised heat dissipated from the cold side of the TEG module by the 
cooling system, which can be assumed that is equal to •wQ  due to the utilization of copper 
material, and Eo is the useful electric power produced by the TEG module.  
 
Rearranging Equation (6.1) gives: 
                                                            odlr EQQQ +=− •••  ,                                       (6.15) 
where the term •• − lr QQ  on the left hand side represents the actual heat flowing to the hot 
face of the TEG module. The electric power output by the thermo electric generator can be 
expressed in terms of the generator efficiency as: 
                                                           )( •• −= lro QQE η  .                                       (6.16) 
Here, •• −= lr
o
QQ
Eη  is the thermal to electrical efficiency of the TEG, which is provided by 
the supplier in terms of the temperature difference across the hot and cold side of the 
generator. The data from the supplier is curve fitted to obtain a polynomial expression as 
given below:  
                                                           )()( chteg TTfTf −=Δ=η  .                            (6.17) 
 
 
 
 
Figure 6.7 Energy balance for thermoelectric cells. 
                                                                                               
CHAPTER 6. CONCENTRATED THERMOELECTRIC GENERATOR DESIGN 
 
                                                                                                                                                                                                                            - 88 -
Substituting Eo from Equation (6.16) and rearranging terms in Equation (6.15) gives: 
                                                      dteglr QQQ =−− •• )1)(( η   .                              (6.18) 
 
 
                     
 
 
  
Figure 6.8 shows the details of the energy flow through the concentrator thermoelectric 
generator module. Waste heat dissipated by the cooling system from the cold side of the 
thermoelectric cells is dependent on the overall thermal resistance for the heat flow from the 
radiation incident face of the receiver plate to the cooling fluid flowing through the liquid 
cooled heat sink. Figure 6.9 shows different components of the total thermal resistance that 
basically includes the conduction resistance through the receiver plate, heat sink base and 
thermoelectric cells, and convection resistance from heat sink inner wall to the cooling fluid.  
 
Due to the high thermal conductivity of the copper material used in spreader and liquid cooled 
heat sink which has a high heat transfer coefficient, the associated thermal resistances were 
Figure 6.8 Energy flow in the CTEG module. 
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very small. The thermal resistance of thermo electric cells which was experimentally 
calculated to be ~ 0.8 °C/W was the dominating component of the overall thermal resistance.  
Heat dissipated by liquid cooled heat sink can be expressed as: 
                                                                 
t
mr
d R
TTQ −=•  .                                   (6.19) 
Here, 
2
outin
m
TT
T
+=  is the mean cooling fluid (water) temperature and Rt is the total thermal 
resistance as discussed above.  
 
 
 
 
It should be noted that for simplicity it is assumed heat applied on the hot side of the TEG is 
equal to the heat transferred by the cooling fluid. Substituting from Equations (6.10), (6.11) 
and (6.1) in Equation (6.18) and rearranging gives: 
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For the given ambient conditions, the steady state temperature of the receiver plate can be 
calculated iteratively from Equation (6.20). From the calculated value of the receiver plate, 
Figure 6.9 Diagram of thermal resistance  
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the hot side and cold side temperatures of the thermo electric cells can be determined by 
working through the thermal resistance diagram given in Figure 6.9 as follows: 
                                                  spdrhs RQTT
•−=   ,                                                  (6.21) 
                                                  tegdhscs RQTT
•−=   ,                               (6.22) 
or                                              tegdtegcshs RQTTT
•=Δ=−  ,                             (6.23) 
where Rsp and Rteg are the thermal resistances of the receiver (or spreader) plate and thermo 
electric generator as per Figure 6.9. Electrical characteristics of the concentrator thermo 
electric module including the maximum output power (Eo), open circuit voltage (Voc), 
maximum power point voltage (Vmpp) and current (Impp) can be calculated as follows: 
                                                    tegtego
TE Δ=η
                                          (6.24) 
                                                   tegoc
TnmV Δ= α)(
                   (6.25) 
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mpp V
EI =                                           (6.27) 
Where, n is the total number of thermo-junctions in each cell (~127), m is number of cells (4 
in this case), α is the Seebeck coefficient for the bismuth telluride cells (~190 µV/K), Ri is the 
internal resistance of the individual cells (~ 2 Ω) and Ro is the external load resistance. At 
maximum power, the total internal resistance will be equal to the external resistance.  
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Chapter 7 
 
Testing for Single Thermoelectric Cells 
 
 
7.1 Experimental Arrangement 
 
Before testing the actual concentrator thermoelectric generator, it was necessary to set up an 
experiment for testing the characteristics of single thermoelectric cells, and to generate a 
specification of all the parameters, including thermal status of the cells, heat transfer condition 
and power output. Figure 7.1a shows a schematic diagram for such a test system, using an 
electric heater (40mm×40mm), which can be adjusted by the power supply (Figure 7.1b), to 
provide variable heat supply to the hot side of the thermoelectric cells, and using a water 
cooled plate (50mm × 50mm) to maximize the temperature difference across the cell. 
Temperatures were measured on the hot and cold sides of the cell using T-type thermocouples 
which were fixed into the grooves machined on the heater block and liquid heat sink using 
thermal epoxy. In order to minimise heat losses to the surroundings, the test sample was 
completely shielded with fibre glass insulation. To provide proper thermal contact between 
the TEG faces and heat exchange surfaces, interfacial pressure was applied using weights as 
shown in Figure 7.1(b). Data from the thermocouples were recorded on the computer using a 
DT800 DataTaker unit. An ammeter and voltmeter were used to measure current and voltage 
output from the TEG under different external loads which was varied using a rheostat. 
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7.2 Experimental Results 
 
The first step to testing single cell is to figure out the candidate for the CTEG between the 
products from two thermoelectric manufacturers. Figure 7.2 indicates the electric 
characteristic of one commercialized thermoelectric cell purchased from company 1. It can be 
observed that under steady cooling flow rate, which is 0.004167 L/s, the cell illustrated a 
linear UI curve, and reached a maximum power output about 2.8W, as it is shown through the 
red spot. Follow by the efficiency of the cell, which can be calculate through the power output 
of the cell divided by power input of the system (Equation 3.8), the highest conversion 
efficiency under the temperature difference across the cell of 110.5 °C is about 2.776%, 
which means that if there is a 100W heat applied to the hot side of the thermoelectric cell, as 
in return, the total power can be obtained from the cell is approximately 2.776W. On the other 
hand, there are experiments conducted for another group of thermoelectric cells. Figure 7.3 
shows the characteristic of one thermoelectric cell purchased from company 2. As it is 
demonstrated that, under the same cooling flow rate, there is a peak power output at about 4.8 
W under the temperature difference of 106.6 °C, and the UI curve is as linear as the cell 
purchase from company 1. For the conversion efficiency, this cell can achieve a higher 
standard at approximately 2.921%. 
Copper 
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Figure 7.1 Experimental facility showing details of set-up used to test the performance 
of TEG. (a) Schematic demonstration of Detail A.  (b) Single cell testing set-up 
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Figure 7.2 Experimental result of U-I curve for single thermoelectric cell (company 1). 
Figure 7.3 Characteristic of single thermoelectric cell purchased (company 2).  
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Furthermore, a comparison between these two commercialized cells had been generated in 
order to select the best type for application of the CTEG. Figure 7.4 depicts both thermal 
conditions as well as the conversion efficiency with regards to these two types of cells, Co. 
1.1 stands for company 1 (cell 1) and similarly, Co. 2.2 means company 2 (cell 2). It can be 
observed that under the similar temperature gradients (the limitation for the highest thermal 
level of these two types of cells is almost at the same, which is around 110°C), the cells that 
purchased from company 2 can generate a much higher electric power. At the same time, it is 
also illustrated that not only the power output, but also the conversion efficiency of the cells 
purchased from company 2 is also slightly higher than the other one.  Therefore, it is ideal that 
for CTEG application, thermoelectric cells from company 2 is more suitable. It is more 
reliable and energy efficient and most important, it can generate more electric power. 
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Therefore, since the cells from company 2 are more efficient, several experiments are 
conducted to illustrate its overall characteristic. According to the steady physical condition of 
the cell, more cells had been tested under the same experimental setup. Figure 7.5 indicates a 
group of testing results for power generation. Among these 8 thermoelectric cells, the 
Figure 7.4 Comparisons of efficiency performance between the cells 
from two different companies.   
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maximum power output that can be obtained is about 4.9W, and the average of the maximum 
is about 4.6W under the temperature difference of above 110 °C.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
0.5
1
1.5
2
2.5
3
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Current output(A)
Ef
fic
ie
nc
y(
%
)
TE cell 1
TE cell2 
TE cell 3
TE cell 4
Te cell 5
TE cell 6
TE cell 7
 
Figure 7.5 Power generation of a group of thermoelectric cells. 
Figure 7.6 Efficiency versus current. 
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
0 20 40 60 80 100 120dT(C)
P(
W
) TE cell 1
TE cell 2
TE cell 3
TE cell 4
TE cell 5
TE cell 6
TE cell 7
TE cell 8
                                                                                                                   
CHAPTER 7. TESTING FOR SINGLE THERMOELECTRIC CELL   
 
                                                                                                                                                                                          - 96 -
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
0 20 40 60 80 100 120DT (C)
Th
er
m
al
 R
es
is
te
nc
e 
(K
/W
)
Te cell 1
TE cell 2
TE cell 3
TE cell 4
TE cell 5
TE cell 6
 
 
 
Following Figure 7.6, which depicts the efficiencies for a group of selected TEG, it can be 
observed that the conversion efficiency for a single unit can reach up to 2.9% under a heat 
flux of 132.33W. The thermal resistance (Figure 7.7) of the TEG was approximately 0.8 K/W 
among the selected TEG, which was experimentally determined on the basis of the 
thermocouples installed on the hot and cold sides. Furthermore, it is also observed that, 
because of the particular way the thermoelectric cells produce electricity, treated as 
unconventional “heat engines”, the relationship in regard between Carnot efficiency and the 
cell efficiency is as plotted in Figure 7.8. The maximum efficiency appears at the maximum 
Carnot efficiency. The cell efficiency is low in relation to the Carnot efficiency, which 
indicates the potential for research into developing higher ZT values as well as optimising the 
selection of thermoelectric cells currently in the marketplace. However based on the amount 
of power generated from the cell, it is still meaningful to utilize the current cell for use in the 
concentrated thermoelectric generator prototype. 
 
Figure 7.7 Thermal resistances versus temperature difference.  
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Overall, the thermoelectric cells purchased from company 2 are capable of producing 
meaningful results for initial testing of the CTEG concept, and it can be seen the efficiency of 
the thermoelectric cell is measured at about 1/10 of the Carnot efficiency. According to the 
proposed design, there will be four cells assembled on the receiver, which can lead to the 
assumption that 20 W power output could be accomplished if 4 cells were connected in series. 
Detailed test results are provided in the next section.  
. 
 
 
 
 
 
 
 
Figure 7.8 Carnot efficiency versus cell efficiency. 
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Chapter 8 
 
Mechanical Design of Concentrated 
Thermoelectric Generator 
 
 
8.1 The Concentrated Thermoelectric Generator  
 
Figure 8.1 shows the design schematic of the concentrator thermo electric generator (CTEG) 
module which consists of parabolic dish concentrator (collector), thermo electric cells, linear 
two-axes tracking system (tracker), heat transfer system (receiver plate and liquid cooled heat 
sink), system structural support and data acquisition system. Each component of the module is 
explained in detail in the next subsections.  
 
The dish is required to track the sun continuously by means of two-axes electronic tracking 
system supported by Heliotechnic Co. Ltd, Australia, so that the beam solar radiation can be 
collected and reflected on the thermoelectric cells that are installed near the focal plane of the 
parabolic dish. Due to the incident of concentrated sunlight on the receiver plate, very high 
temperature can be achieved on the bottom face of the thermo electric cells. To maintain large 
temperature difference across the cells, the other face is cooled by forced convection of water 
using liquid cooled heat sink. As a result, in accordance with the Seebeck effect, the potential 
difference proportional to the temperature difference is set up across the two faces of the cells 
that, when connected to the external load, delivers electric power. 
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8.2 Parabolic Dish Concentrator (Parabolic Reflector) 
 
Parabolic dish is a point focus concentrator with shape of a circular parabolic (surface of 
revolution generated by a parabola around its axis). In the proposed design, parabolic dish 
with 1.8 m diameter, 0.693 m focal length and made from 6 parabolic segments of steel was 
used. The concave face of the concentrator is lined with a reflective material so that incoming 
solar radiations that are travelling along the axis can be collected and reflected to a point 
focus. It should be noted that the size of the receiver is quite smaller than the collector 
(reflector) area. Therefore, the profile and reflectance of the concentrator are very important 
to ensure that maximum extent of incoming solar energy is reflected to the receiver. 
Geometrical measurements were taken to establish the profile of each dish segment. Figure 
8.2 presents the result and confirms that the contour of the dish is very close to the true 
parabola. Table 8.1 shows the reflectance of typical high reflective materials.  
 
Figure 8.1 A photorealistic diagram of Concentrator Thermoelectric Generator.  
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Table 8.1. Reflectivity of potential reflective 
materials. 
Material Reflectivity, % 
Stainless steel 62 – 63% 
Silver 93 – 96% 
Copper 75% 
Low iron glass mirrors 88 – 90% 
Aluminium 80 – 98% 
 
 
Of the available materials, aluminium tape (~80-85% reflective) was chosen due to high 
reflectivity and availability at low cost and durability. The tape consisted of pressure sensitive 
adhesive on one side for lining it along the concentrator surface. Figure 8.3 shows the 
assembly of the parabolic dish concentrator with reflective aluminium tape. The dish 
concentrators mainly focus the beam component of the sunlight and therefore need to follow 
the sun continuously throughout the day from east to west. 
 
 
 
 
 
 
 
 
 
Ideal 
parabola 
Measured 
data 
Figure 8.2 Comparison of the parabolic 
dish profile with the ideal parabola.
Figure 8.3 Parabolic dish concentrator assemblies with reflective aluminium tape. 
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8.3 Thermo Electric Generator (TEG) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The application for utilizing thermoelectric module for power generation has been recently 
widely studied and tested, involving most of the industries. For instance, there are Planar 
thick-film thermoelectric micro-generators, micro thermoelectric generator for portable 
electronic devices, waste heat recovery system from automotive industry, as well as furnace 
industry. Also, some of the new approaches result in a combination of solar technology and 
thermoelectric technology, all proposed a promising methodology and experimental results 
for further development. In this project, the thermoelectric generator, which is the heart of the 
electric module, is based on bismuth and telluride (BiTe) as n-type and p-type semiconductor, 
purchased from Beijing Huimao Cooling Equipment Co., Ltd, China. BiTe cells are one of the 
most widely used as thermo electric units with low operating temperature range (< 250 C), 
high Seebeck coefficient (~ 190 µV/K), and high figure of merit (~ 2 x 10-3 K-1). When they 
are assembled on the CTEG system, four series connected thermoelectric cells with individual 
dimensions of 40 mm (L) x 40 mm (W) x 3 mm (T) and 127 p-n junctions per cell are used. 
Figure 8.4 shows the picture of one such thermoelectric cell from Huimao. The characteristics 
of such thermoelectric module will be illustrated in the next chapter. For details in regard to 
the thermoelectric industry can be found in Chapter 3 and Chapter 4. 
 
 
Figure 8.4 A photo diagram of BiTe thermoelectric cell.  
TEG cell 
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8.4 Tracking System 
 
8.4.1 The control unit 
 
The core tracking control unit is donated by Heliotechnic Co. Ltd, HLC-001, Australia, which 
is fully developed and comprehensive controller for tracking mechanism. Figure 8.5 shows 
the hardware components followed with the schematic electric diagram (Figure 8.6). It has a 
web interface accessed using a standard web browser such as Internet Explorer, which 
dramatically simplified the process for programming the initial parameters of the tracking 
system.  
 
For the core connection unit that is associated with the human-machine interface, using 8 and 
16-bit platforms are nearly impossible to run resource-intensive applications on fast Ethernet 
connections. Therefore, engineers from Heliotechnic used the NetBurner module MOD5270 
(as can be seen in Figure 8.6), featured a Web-based control interface, a full 32-bit 
architecture providing 60+ MIPS and the full suite of TCP/IP protocols. The 32-bit high 
performance processing platform based on the Freescale ColdFire 5270 32-bit processors 
provides the horsepower to handle both 10/100 Ethernet connections and resource-demanding 
applications with ease and flexibility. Connecting HLC-001 and a personal computer with a 
common cable, and open the web browser under a given IP address, there will be several 
setting pages shown on the screen. By putting the exact values of parameters, such as local 
time, local latitude and longitude, the software will automatically calculate the solar altitude 
and azimuth, and then convert them into an accurate motor movement, which in this project, 
will be achieved by the combination of actuators and encoders. 
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The parameters that will be measured to test the thermal and electrical performance of the 
concentrator TEG system includes temperature measurement at different locations, as it is 
pointed out in Figure 6.1, are recorded through T-type thermocouples. Also, voltage and 
current output from the TEG modules are obtained by using multimeter. For the solar 
radiation, using and wind velocity are testified by using pyranometer and digital vane-type 
anemometer respectively. Data from these instruments are to be acquired on timely basis by 
using the Data Taker data acquisition system.   
Figure 8.5 Schematic diagram of the tracking system mechanism.  
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8.4.2 Mechanism of tracking system 
 
As it is shown in Figure 8.7, in order to focus the solar rays incident on the parabolic collector, 
the axis of the reflector should be parallel to the direction of the incoming radiation at all the 
time. In other words, the concentrator should track the sun continuously such that the solar 
influx is perpendicular to the collector aperture. The position of the sun in the sky at any time 
of the year can be located by solar altitude (angle between sun’s rays and horizontal plane of 
the location) and solar azimuth (angle between the projections of the sun’s rays on the 
horizontal plane with north direction measured clockwise). As it is mentioned above, the two 
angles will be achieved by using the actuators (Figure 8.7), replacing the original supports, as 
is shown in the Figure 8.8. The system works in this way: each linear actuator is in charge 
with one angle, and both of them are organized by the controller synchronically, using 
encoders to send the feedback signals as a function of reporting the position of the dish to the 
controller, the controller constantly calculate the movement of the actuator, and then turning 
the dish at a rate of 15° per hour.  
 
 
 
 
 
Figure 8.6 A realistic diagram of HLC-100. 
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Figure 8.7 A realistic diagram of actuator and control unit. 
Figure 8.8 Fixture for tracking and structure support. 
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8.5 Heat Transfer System 
 
 
 
 
 
 
 
 
 
 
 
 
The heat transfer system, as presented in Figures 8.9 and 8.10, for the concentrator TEG 
module consists of two basic parts 1) receiver plate (Figure 8.9) and 2) liquid cooled heat sink 
(Figure 8.10). The assembled heat transfer system is shown on the right side of Figure 8.10. 
The copper receiver plate (250 mm diameter and 5 mm thick) is positioned at certain distance 
below the focal point of the dish and helps to capture the reflected radiation from the collector 
and spread the converted heat evenly on the thermoelectric cells. Due to the imperfect coating 
of the dish surface with reflective tape, the reflected rays may not converge at the focal point.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.9 A realistic diagram of receiver plate.            
Figure 8.10 Diagrams of Heat sink.       
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As a result, the receiver plate diameter is kept larger than the overall surface area of the 
thermoelectric cells to capture maximum reflective light. The water cooled heat sink is used to 
dump all the transferred heat from the thermo electric cells and thus helps to maintain the 
temperature of the cold face as low as possible. High pressure water from the supply is 
circulated through the channels of the heat sink to provide high heat removal rate. Figure 8.11 
and 8.12 represent the heat transfer device with the inserted TE cells, where, it can be 
observed that the cells is strongly tight up between the receiver and the cooling channels. 
 
 
 
 
 
Figure 8.11 Front view of the heat transfer part. 
Figure 8.12 Cross-section view of the heat transfer part. 
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Chapter 9 
 
Experimental Results of the CTEG  
 
 
 
9.1Testing results of the optical system 
 
 
9.1.1 Testing results of the dish with receiver  
 
 
Figure 9.1 shows the experimental results tested in a method corresponding to Figure 6.5. As 
illustrated by Equations 6.5 and 6.6, there are many factors strongly influencing the overall 
thermal performance of the dish, which will eventually result in non-linear recordings.  
 
Therefore, several theoretical curves have been plotted with increasing reflectivity, ηr, so that 
experimental results can be reasonably interpreted and illustrated in the graph. The theoretical 
curves are presented for the same wind speed, ambient temperature and solar beam radiation. 
With increasing temperature difference between the copper receiver (Tr) and the ambient 
condition (Ta), the heat loss ( •lQ ) escalates, which indicates that the total heat loss on the 
receiver should equal to the total radiation absorbed. In reality, since the fact that for a given 
weather condition, it will take a very long period of time to obtain a complete data set 
corresponding to the theoretical one, only a reduced number of experimental point have been 
placed on the graph, which are nearly located on the theoretical line. 
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Moreover, the dish reached an overall efficiency up to12.3%, %3.12/ == •• inl QQηο , with 
the highest temperature of  153°C, which indicates that the dish is able to provide enough heat 
to the thermoelectric cells. However the overall efficiency is less than expected and should be 
up to 40%. This is could be attributed to some of the changing parameters, such as wind speed, 
flatness of the reflecting material, the changing reflectivity due to the process of oxidation of 
the metal, as well as concentrating errors which are issues for the whole system. However, the 
maximum temperature of the dish achieved is suitable for the thermoelectric cells ordered 
from Huimao, which have a maximum hot side duration of 150°C. Therefore, under typical 
and clear weather in Melbourne, the thermoelectric cells should be able to produce their 
maximum power output under the best performance of the dish. 
 
 
 
 
 
 
Figure 9.1 Experimental results of the dish with respect to the corresponding theoretical line. 
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9.1.2 Testing results of the heat transfer system 
 
 
Figure 9.2 shows the thermal performance of the heat transfer part of the system tested as 
shown in Figure 6.6. As it can be seen from the graph, under the similar cooling water flow 
rate, which was close to 0.025m/s, the blue data, which is the relationship between the 
temperature difference (Tr-Ta), and the total heat being taken away by the cooling water, 
showed a direct proportional trend, and reached a total heat transfer up to 200W.  The pink 
line shows the total heat loss from the heat transfer system, which can be calculated by using 
Equation 6.10 and 6.11. Furthermore, under this thermal condition, the total heat transfer 
efficiency, hη , reached a valuable status of up to around 11% (Figure 9.3), also, the overall 
efficiency of the whole system was approximately 12%, which indicate that the current 
implementation with the copper heat transfer device is in an acceptable situation and it is 
feasible for cooling the thermoelectric cells. However, there are also some experimental errors 
including temperature reading errors with respect to the digital thermocouples, errors in 
reading the cooling water flow rate which is a critical parameter in relation to the heat transfer 
efficiency, and hence influences the overall efficiency. Moreover, it can be concluded from 
the graph, that with increasing the flow rate of cooling water, there is an indirect proportional 
trend of the efficiency, which shows that it is necessary to find out the best cooling flow rate 
for the system. Overall, the heat transfer device is effective for maintaining a reasonable cold 
side temperature for the thermoelectric cells.  
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Figure 9.2 Energy being transferred versus temperature difference.              
Figure 9.3 Efficiency versus flow rate. 
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9.2 Testing Results of the CTEG 
 
Figure 9.4 and 9.5 are the characteristics of the electric properties of the CTEG. In this figure, 
the four thermoelectric cells are electrically connected in parallel and reached a power output 
of nearly 6W under the temperature difference of around 35°C.  
 
 
 
 
Figure 9.4 is plotted under different cooling flow rate as it is illustrated on the right hand side 
of the graph while Figure 9.5 is generated under different wind speed (also on the right hand 
side of the graph) as an additional information of the weather condition and the cooling flow 
rate is as same as the curves in Figure 9.4. It is noticed that with the increasing flow rate, the 
power output raised significantly when the natural convection is not in a place where a 
considerable amount of heat being wasted through the air. In other words, as pointed out in 
the graph, the ambient temperature is stable and the wind speed is quietly settled in a range of 
0.8 m/s, as well as a clear sky resulting a constant beam radiation of up to 920W/m2, it can be 
assumed that under these steady weather circumstance, the larger flow rate on the cold side of 
the thermoelectric cells, the more is the power output.  
 
 
 
Figure 9.4 U-I curve of the CTEG. 
                                       
 CHAPTER 9. EXPERIMENTAL RESULTS OF THE CTEG 
 
                                                                                                                                                                                          - 114 -
 
 
 
 
 
 
 
 
However, based on Figure 9.6, another important trend had been plotted, which demonstrated 
that with the increasing cooling flow rate, a drop of heat transfer efficiency will appear. 
Therefore, with the combination of Figures 9.4, 9.5 and 9.6, a necessity of finding a 
maximum cooling flow rate with respect to an improved overall efficiency is a compulsory 
works for future discovery of the CTEG. Furthermore, since test was processed in winter 
where the humidity in Melbourne is high and the ambient temperature was relatively low 
compare with in summer, the dish was unable to collect enough energy to the copper receiver, 
and thus resulted in a lower temperature gradient across the thermoelectric cells, it can be 
predicated that by using the data from Figure 9.4 and 9.5, a temperature difference of up to 
100°C across the TEC can be achieved. Therefore, more than 20W power output from the 
cells is easy to be addressed.  
 
 
 
Figure 9.5 Power output of the CTEG.
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Figure 9.6 Efficiency of the CTEG versus flow rate. 
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Chapter 10 
 
Conclusion 
 
 
10.1 Summary  
 
In this thesis, the potential of thermoelectric cells as concentrator solar power generation 
system has been discussed in detail and an abundant knowledge, as well as information about 
the thermoelectric technology and solar thermal system has been also illustrated.  
 
An experimental prototype of concentrator thermoelectric generator using parabolic dish 
concentrator of 1.8 m diameter (CTEG), two-axes linear tracking system, liquid cooling 
system and BiTe thermo electric generator is being fabricated at the Royal Melbourne 
institute of technology (RMIT). Lab tests under controlled experimental conditions were 
conducted in which maximum power of 4.9 W at temperature difference of 110°C and 2.9% 
conversion efficiency was produced from single thermo electric generator. Moreover, several 
tests had been operated to obtain the actual capacity of the parabolic dish, and a maximum 
temperature at the receiver of 143°C with the overall efficiency of 11.4% has been achieved, 
and the CTEG is able to produce electric power of up to 5.9W under the temperature 
difference of 35°C. The experimental results showed a considerable agreement with the 
mathematical model as well as its potential applications.  
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In summary, direct solar thermoelectric conversion is an essential area to discover not only 
because the harmless utilization of solar energy, but also when compared with other patterns 
of solar technologies, thermoelectric is simple, endurable and low maintenance. Taking into 
account of the fast development of thermoelectric materials, the concentrator thermo electric 
generation can be considered as a perspective renewable energy based power source. 
 
10.2 Contributions 
 
The contributions along with this thesis are summarised as below: 
 
• A thorough and insightful documentation about the thermoelectric technology in 
conjunction with solar thermal technology has been summarised and recorded. 
 
• An experimental documentation for recording characteristic of single thermoelectric 
cell has been developed and can be utilized for further academic research. 
 
• A concept that is a prototype combination of thermoelectric and solar thermal system 
has been pointed out and has been named Concentrated Thermoelectric Generator 
(CTEG). 
 
• A methodology of analysing theoretical heat transfer of the designed CTEG has been 
developed and illustrated in details.  
 
• The design CTEG has been fabricated and tested through serious and varies scientific 
experiments, which certified the possibility of developing solar thermoelectric 
generator. 
 
10.3 Future recommendations 
 
Along with the enhancement of the thermoelectric materials and for the future development of 
this particular technology, there are several aspects of significance should be emphasis and 
are illustrated as the follows: 
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• The dish system is a driving force that provides thermal energy to the thermoelectric 
cells, which needed to be reliable, and efficient. It is strongly recommended that for 
future research, mirror reflector should be the one for the mature system development. 
 
• It is essential to understand the natural of heat transfer within the system, which, 
according to the data, plays a major rule for improving the overall efficiency.  
 
• An advanced mechanism of the heat transfer should be established as well as a well 
insulation to avoid the strong impact from the ambient fluctuation.  
 
• Due to the fact that the diversity of the thermoelectric materials results in a wide range 
of temperature for different usage, it is imperative to discover the selected 
concentrator to match up with the certain thermoelectric materials for distinctive 
applications and environmental conditions. It is also a crucial work for further 
development to categorize the amount dish system and test different type of the TE 
materials, such as Mn based, SiGe based and PbTe based TE materials. 
 
• In order to enhance the overall efficiency, utilizing novel thermoelectric material that 
is based on the nanometre engineering is strongly encouraged. Therefore, a further 
collaboration with researchers who can provide nano-thermoelectric material is highly 
recommended.  
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Appendix 1: mechanical drawing of heat transfer 
device 
 
 
       The following slides are the design 
CAD drawings of the heat transfer 
device. It contains two parts as it is 
illustrated in Chapter 6, cooling device 
and copper receiver. In here, the 
cooling device is assembled by a 
copper cover plate and the copper 
water channel.   
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Appendix 2: Profile of thermoelectric companies 
General Thermoelectric Information 
Compiled by ZT Services, http://www.zts.com 
European Thermoelectric Society: http://www.its.org/ets/ 
International Academy of Refrigeration: http://www.zts.com/iar/ 
International Thermoelectric Academy: http://ite.cv.ukrtel.net/ita/ 
International Thermoelectric Society (ITS): http://www.its.org/ 
Peltier Device Information Directory: http://www.peltier-info.com/ 
Spanish Thermoelectric Association (Spain): http://www.upc.es/AIT/ 
Thermoelectric Society of Japan (Japan): 
 http://www.elec.shonan-it.ac.jp/thermoelectrics/ 
ZT Services (U.S.): http://www.zts.com/ 
 
Thermoelectric Power Generation 
Advanced Power Solutions-Thermo Life (U.S.): 
http://www.adsx.com/prodservpart/thermolife.html 
D.T.S. Thin Film Thermoelectric Generator Systems GmbH (Germany): 
http://www.dts-generator.com/ 
EKSOM Geotec AG (Germany): http://www.eksom.com/ 
Ferrotec (U.S.): http://www.ferrotec-america.com/ 
Fujitaka (Japan – China): http://www.fujitaka.com/pub/peltier/english/ 
Global Thermoelectric, Inc. (Canada): http://www.globalte.com/ 
Hi-Z Technology, Inc. (U.S.): http://www.hi-z.com/ 
Institute of Thermoelectricity (Ukraine): http://www.ite.cv.ua/ 
MicroPelt (Germany): http://www.micropelt.com 
Serras Thermoelectrics (France): http://www.serras.net/ 
Teledyne Energy Systems (U.S.): http://www.teledyneenergysystems.com/ 
Termo-Gen AB (Swedish) http://www.termo-gen.com/index.html 
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Thermoelectric Cooling 
Advanced Thermoelectric Products (U.S.): http://www.americool.com/ 
ADV-ENGINEERING (Russia): http://www.adv-engineering.com/ 
Amerigon (U.S.): http://www.amerigon.com/ 
Bangma Thermal Solutions (BTS) (Netherlands/Belgium): 
http://www.ThermalSolutions.nl 
Beijing Huimao Cooling Equipment Co., Ltd (China): http://www.huimao.com 
BIAPOS (Russia): http://www.angelfire.com/biz/biapos/ 
BSST (U.S.): http://www.bsst.com/ 
China HiCOOL Electronics Corp. (China): http://www.hicooltec.com/ 
Cool Chips PLC (UK, Gibralter): http://www.coolchips.gi  
Custom thermoelectric (U.S.): 
http://customthermoelectric.com/powergen.html 
EIC Solutions, Inc. (U.S.): http://www.eicsolutionsinc.com/ 
EURECA Messtechnik GmbH (Germany): http://www.peltierelement.com/ 
Fandis Thermal Management (Italy): http://www.fandis-tm.com/ 
Ferrotec (U.S.): http://www.ferrotec-america.com/ 
Fujitaka (Japan – China): http://www.fujitaka.com/pub/peltier/english/ 
Heat Transfer Research & Development, Ltd (U.S.): 
http://www.htrdltd.com/ 
HiTECH Technologies (U.S.): http://www.hitechtec.com/ 
Hydrocool (Australia): http://www.hydrocool.com/ 
INB Products (U.S.): http://www.inbthermoelectric.com/ 
Institute of Thermoelectricity (Ukraine): http://www.ite.cv.ua/ 
Komatsu (Japan): http://www.komatsu-electronics.co.jp/ 
Kryotherm (Russia): http://www.kryotherm.ru/ 
Marlow Industries, Inc. (U.S.): http://www.marlow.com/ 
Marvel Thermoelectrics (France): http://www.marvelte.com/ 
MicroPelt-(Germany): http://www.micropelt.com 
MJ Research, Inc. (U.S.): http://www.mjr.com/ 
MODUL (Ukraine): http://www.ukrainetrade.com/modul 
Nanocoolers (U.S.): http://www.nanocoolers.com/ 
NORD (Russia): http://www.sctbnord.com/ 
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OSTERM (Russia): http://www.osterm.ru/ 
OTE International (Taiwan): http://www.oteinternational.com 
RMT Ltd (Russia): http://www.rmtltd.ru/ 
S&PF Module (Ukraine): http://www.ukrainetrade.com/company/modul/ 
Shanghai TOKA New Materials Co., Ltd (China): http://www.toka.com.cn/ 
Solid-State Cooling Systems (U.S.): http://www.sscooling.com/ 
Supercool (Sweden): http://www.supercool.se/ 
TE Applications (Australia): http://www.teapplications.com/ 
TE Distributing, Inc. (U.S.): http://www.tedist.com/ 
TE Energy (F) Oy (Finland): http://www.teenergy.fi/ 
TE Technology (U.S.): http://www.tetech.com/ 
TECA Corporation (U.S.): http://www.thermoelectric.com/ 
Tellurex (U.S.): http://www.tellurex.com/ 
TES Thermo Electric Solutions, Ltd (Israel): http://www.tes.co.il/ 
Thermion (Ukraine): http://www.thermion-company.com 
Thermalforce (German): http://thermalforce.de/index.php?uid=&ref= 
Thermoelectric Supplier (Thailand): http://www.thermoelectricsupplier.com 
Thermolyte Corporation (U.S.): http://www.thermolytecorp.com/ 
Thermonamic Modules (China): http://www.thermonamic.com 
Tropicool Thermoelectric Refrigeration (New Zealand): 
http://www.tropicool.co.nz 
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Specifications of thermoelectric cells in primary 
thermoelectric companies 
 
Marlow Industries (TEC for power generation): 
      
 
 
Tellurex (TEC for power generation): 
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Kryotherm (TEC for power generation): 
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Hi-Z (TEC for power generation): 
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INB Products (TEC for power generation): 
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Custom thermoelectric (TEC for power generation): 
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Thermalforce (TEC for power generation): 
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Termo-Gen AB (TEC for power generation): 
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NORD (Russia) (TEC for power generation): 
 
 
Thermonamic Modules (TEC for power generation): 
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Appendix 3: Additional Literature Review  
 
 
1.1 Lead Telluride and Related Compounds 
 
When Ioffe et al. realized in the early 1950s that semiconductors of high mean atomic 
weight were likely to be good thermoelectric materials; they became interested in lead 
telluride and isomorphous compounds. For example, those semiconductors were used 
to exemplify the principle that solid solutions have reduced lattice conductivity 
without there necessarily being a change in the carrier mobility. When lead telluride is 
compared with bismuth telluride, higher melting temperature, 923°C compared with 
585°C is noted. This means that, although the value of the figure of merit of PbTe is 
lower than for Bi2Te3, it can be used up to considerably higher temperatures without 
chemical stability problems or unwanted contributions from the minority charge 
carriers. Note that PbTe has been considered more as a material for thermoelectric 
generation at moderately high temperatures rather than for refrigeration at room 
temperature and below (H. J. Goldsmid, 2009). 
 
Both p-type and n-type materials can be produced either by departures from 
stoichiometry or by doping with donor or acceptor impurities. There is a wide choice 
of dopants; Na, Au, Ti, and O behave as acceptors and Zn, Cd, In, Bi, and Cl are 
donors. PbTe has the cubic rock salt structure so the thermoelectric properties are 
isotropic. Hall Effect measurements show that the mobilities of both types of carrier 
are rather high.  
 
In any practical application, one would expect to use a solid solution of the form 
PbxSn1-xTeySe1-y or a similar alloy rather than PbTe, or one of the other pure 
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compounds. Early work on these alloys suggested that the subscript x = 1 is the 
appropriate choice for p-type thermoelements while y = 1 is preferable for n-type 
material. This seems to be true if we take account only of the mobilities of the 
electrons and holes but the lattice conductivity is lower when y = 1 than when x =1 
and this outweighs the relative effects on the mobilities (D. M. Rowe, 1983). Thus, 
PbxSn1-xTe is preferred for both types of thermoelement, if one is restricted to this 
range of alloys. 
 
The figure of merit is higher for n-type PbxSn1-xTe than for p-type material and 
reaches a value of about unity at temperatures of the order of 500 K. However, over 
the temperature range for which PbTe and its alloys are suitable, the positive material 
is commonly one of the so-called TAGS formulations. TAGS is an acronym for alloys 
that contain the elements Te, Ag, Ge, and Sb. These alloys are solid solutions between 
AgSbTe2 and GeTe. Note that the latter is closely related to PbTe since Pb and Ge are 
in the same group of the periodic table. GeTe has the rock salt structure but AgSbTe2 
is rhombohedral and there is a phase transition at a composition that contains about 
80% GeTe. It seems that the lattice conductivity is particularly small in this region 
presumably due to strain scattering. One might expect some mechanical problems for 
alloys that lie close to the phase transition and indeed, the alloy containing 85% GeTe 
is less prone to cracking (D. M. Rowe, 1983). Figure 1 shows the dimensionless 
figure of merit plotted against temperature for the TAGS materials together with data 
for p-type PbTe and Si–Ge. 
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Recent observations by Heremans in 2008 suggest an interesting route to the 
improvement of PbTe and for other thermoelectric materials. They studied the 
properties of PbTe doped with thallium and pointed out that this element creates 
resonant energy levels as do gallium and indium. They showed that this can lead to an 
enhanced density of states in the valence band, and hence an improvement in the 
figure-of-merit.  
 
1.2 Silicon–Germanium Alloys. 
 
Both silicon and germanium have rather high lattice conductivities even though they 
Figure 1. Plots of ZT against temperature for TAGS formulations and other 
positive materials. TAGS-80 and TAGS-85 are alloys of AgSbTe2 with 80% 
and 85% GeTe respectively. The two curves for PbTe represent different 
doping constituents (Skrabek and Trimmer, 1994). 
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can yield reasonably large values for the power factor since both elements have high 
carrier mobilities. Thus, if the lattice conductivity can be reduced, the figure of merit 
will rise to a worthwhile value. The lattice conductivities of silicon and germanium at 
300K are 145 and 64Wm-1K-1 respectively (J.A. Carruthers, 1957).  
 
2.1 Case study: Mechanical Alloying 
 
In recent years, researchers have increasingly turned to non-traditional processing 
technologies in order to obtain novel compositions and highly refined microstructures. 
Among these techniques, mechanochemical synthesis (also referred to as mechanical 
alloying (MA) or high-energy mechanical milling (HEMM), has emerged as a leading 
alternative to equilibrium melt-growth processes (as it is illustrated in section 4.1). 
This is due not only because of its relative convenience and minimal requirement for 
complex equipment, but also because the solid-state nature of the process exhibits 
many of the characteristics of rapid solidification that enables researchers to probe 
into the nature of metastable crystalline and amorphous structures (C. Suryanarayana, 
1995). The number of researchers citing MA as their primary processing tool 
increased dramatically during the 1990s to the point where it has become an accepted 
tool in the materials scientists’arsenal along with melt spinning, chill casting, laser 
processing and gas atomization. In fact, the 14 year period from 1989 to 2003 gave 
rise to over 150 research papers exclusively devoted to the processing of 
thermoelectric materials by MA.  
 
The central underlying theme in these techniques is to synthesize materials in a 
non-equilibrium state by “energizing and quenching” (Figure 2). The energization 
involves bringing the material into a highly non-equilibrium (metastable) state by 
some external dynamical forcing, through processes such as melting, evaporation, 
irradiation, application of pressure or storing of mechanical energy by plastic 
deformation. Such materials are referred to as “driven materials” by Martin and 
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Bellon (C. Suryanarayana, 1999). The energization may also usually involve a 
possible change of state from the solid to liquid or gas. The material is then 
“quenched” into a configurationally frozen state, which can then be used as a 
precursor to obtain the desired chemical constitution and/or microstructure by 
subsequent heat treatment/processing. It has been shown that materials processed this 
way possess improved physical and mechanical characteristics in comparison with 
conventional ingot (solidification) processed materials. 
 
 
 
As it was mentioned, with the increasing demand for high z thermoelectric materials, 
MA process can be considered as one of the efficient methods for producing 
thermoelectric materials. Followed by Figure 4.5 and in this subsection, there will be 
a thorough illustration about these comminution techniques, which are playing driving 
forces for producing high quality thermoelectric materials. 
 
2.1.1 Historical Review of Mechanical Alloying 
 
Mechanical alloying is a powder processing technique that allows production of 
Figure 2 the basic concept of ``energize and quench'' to synthesize 
non-equilibrium materials (C. Suryanarayana, 2001).
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homogeneous materials starting from blended elemental powder mixtures. John 
Benjamin and his colleagues at the Paul D. Merica Research Laboratory of the 
International Nickel Company (INCO), USA, developed the process around 1966. 
The technique was the result of a long search to produce a nickel-base superalloy for 
gas turbine applications that was expected to combine the high-temperature strength 
of oxide dispersion and the intermediate-temperature strength of gamma-prime 
precipitate. The required corrosion and oxidation resistance was also included in the 
alloy by suitable alloying additions. Benjamin, 1976, has summarized the historic 
origins of the process and the background work that led to the development of the 
present process (C. Suryanarayana, 2001). 
 
In the early 1970s, Benjamin introduced a pioneering development on ball milling 
technique for producing complex oxide dispersion-strengthened (ODS) alloys that 
were used for high temperature structural applications such as jet engine parts. This 
unique method could be successfully used for preparing fine, uniform dispersions of 
oxide particles (Al2O3, Y2O3, ThO2) in nickel-base superalloys. It is worth noting that 
these materials cannot be obtained by the conventional powder metallurgy method. 
 
During the 1970s, research programs concerned the nature and mechanism of the MA 
process itself and the design of special equipment for carrying out the process. At that 
time, MA was well known as a process for the fabrication of several ODS alloys 
(T.E.Volin, 1974). Apart from the fabrication of ODS alloys by the ball-milling 
technique, for their subsequent beneficiation, White, 1979, observed the formation of 
an amorphous phase by ball milling elemental Nb and Sn powders at room 
temperature. In 1983, Koch reported the first novel technique for the formation of 
Ni60Nb40 amorphous alloy by high-energy ball milling of elemental Ni and Nb 
powders. Since then, the MA method has been successfully employed for the 
formation of a large number of amorphous alloys. This technique leads to the 
formation of several alloys that can not be prepared by liquid metallurgy such as 
Al-Ta and Al-Nb binary systems. 
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An attractive application of the ball-milling technique has been demonstrated by 
El-Eskandarany et al. 1995, for preparing nitrides by milling the elemental powder 
under nitrogen gas flow. This method, which is called reactive ball milling, has been 
employed for preparing several metal nitrides and hydrides. Within the last five years, 
the ball-milling technique has been proposed for formation of nanocrystalline 
materials at room temperature (J. Eckert, 1992). The end-product of the milled 
powder was consolidated into fully-dense nanocrystalline compacts that have unusual 
unique physical and mechanical properties (M.S. El-Eskandarany, 1998). 
 
 
Today, MA has been used for developing alloys from immiscible liquids or solids, 
incongruent melting, intermetallics and metastable phases, and has emerged and 
developed into a technology capable of providing unique alloys with consistent 
properties for high performance applications over a wide range. The technique of MA 
used to synthesize novel alloy phases and to produce oxide dispersion strengthened 
materials has attracted the attention of a large number of researchers during the past 
10 years or so. A number of stand-alone conferences have been organized for this 
topic. The literature on mechanical alloying and milling available between 1970 and 
1994 has been collected together in an annotated bibliography published in 1995. A 
short-lived journal entitled “International Journal of Mechanochemistry and 
Mechanical Alloying” was started in 1994. Several reviews have also appeared over 
the past ten years with emphasis on a particular topic, but the present article is an 
attempt to review all aspects of MA in a comprehensive and critical manner at one 
place and present the potential and limitations of this technique as a non-equilibrium 
processing tool. 
 
2.1.2 Type of Experimental Set-up---Milling 
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A variety of milling equipment such as attritor mills, vibratory mills, high speed 
blenders and shakers, planetary mill have been used to carry out MA. The milling 
machine stresses the maximum number of individual particles in a powder mass to 
undergo plastic deformation or initiate fracture with a minimum of energy. The 
motion of the milling medium and the charge varies with respect to the movement and 
trajectories of individual balls, the movement of the mass of balls, as well as the 
degree of energy applied to impact, shear attrition and compression forces acting on 
powder particles. Impact is the instantaneous striking of an object by the other one. 
Both objects may be moving or one may be stationary (B. A. Cook, 2005). Attition is 
the production of wear debris or particles created by rubbing action between two 
bodies. This type of milling force is preferred when the materials are friable and 
exhibit minimal abrasiveness shear consisting of cutting or cleaving of particles, and 
is usually combined with other types of force. Shear contributes to fracturing by 
breaking particles into individual pieces with the creation of a minimal of fines. 
Compression is the slow application of compressibility forces to body. A choice 
between these is likely to be determined by the end results required, as well as the 
chemical and physical properties of the powder.  
 
2.1.2.1 Szegvari Attitor Mill 
 
More than other ball mills, the Szegvari attritor is preferred by most workers because 
of its operational flexibility. It was invented by Szegvari originally for a 
comminution/blending machine meant for chemical industries. It consists of a 
water-cooled stationary vessel with a centrally mounted vertical shaft with impellers 
radiating from it (Figure 3). The shaft is connected to a high-speed, geared motor. The 
vessel is usually made gas-tight with rubber seals especially when a controlled 
atmosphere is required to be maintained. 
 159
 
 
 
When the shaft rotates, arms or “lifters” stir the balls causing them to lift up and fall 
back. There is thus a differential movement between the balls and materials being 
milled, giving a much higher degree of surface contact. The rotating charge of balls 
and the powder form a vortex at the upper end of the stirring shaft into which the 
milling product and balls are drawn. Such kind of attritors have many associated 
advantages. Milling is achieved by impact and shear forces and is very intensive 
because the force restoring the media downward is the weight of all the media above 
it. The high impact energy allows the use of smaller diameter balls so that powder 
with a narrow size distribution may be produced. As the greatest milling action is at 
2/3 chamber-radius away from the shaft, there is little contamination due to wear ot 
the tank or shaft. The minimal wear of chamber walls can ensure a longer service life. 
Figure 3 High energy attitor-type ball mill used from mechanical alloying 
(Maurice and Courtney, 1990). 
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Another type of attitor known as horizontal attritor has been developed recently in a 
German company. The development of this type of attritor was targeted for 
applications in the area of mechanical alloying, as well as processing of 
nanocrystalline materials, amorphous materials, and oxide dispersion strengthened 
alloys, iron based magnetic and other materials. As shown in Figure 4, this type of 
attitor is a rotary ball mill with a horizontal borne rotates at high speed to set the balls 
in motion. Some of the advantages of this attitor are the absence of dead zones due to 
Figure 4 Diagrams of horizontal attritor. (a) Horizontal attritor, (b) Grinding 
chamber, (c) Grinding chamber and rotor (Li Lv, 1998). 
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gravity during milling, possibility of achieving extremely high impact energy and the 
incorporation of controlled atmosphere (Li Lv, 1998).  
 
Today, these mills ranges from a few grams of materials laboratory scale to 
approximate 10 tons processed in 2 m diameter mill which contains more than 1 
million balls weighing. The alloying process is both mill and powder specific, and 
powder can be in almost any form, which can range in diameter from 1-1000 μm. 
However, there are mills that have a drawback of relatively low product output (0.5 to 
100 kg). They need more power and can be difficult to run and maintain cost 
effectively (C. Suryanarayana, 1995).  
 
2.1.2.2 Planetary Ball Mill 
 
The Planetary Ball Mill, also known as Horizontal Ball Mill, is one of the most 
popular mills used in MA research for synthesizing almost all of the materials as 
mentioned in the previous chapter. In this type of mill, the milling media have 
considerably high energy because milling stock and balls come off the inner wall of 
the vial (milling bowl) and the effective centrifugal force reaches up to twenty times 
gravitational acceleration. 
 
 
 
Figure 5 shows the motions of the balls and the powder. Since the directions of 
Figure 5 Schematic view of motion of the balls and 
powder mixture (Li Lv, 1998). 
 162
rotation of the bowl and turn disc are opposing, the centrifugal forces are alternately 
synchronised. This friction resulted from the milling balls and the powder mixture 
being ground alternately rolling on the inner bowl to strike at the opposite wall. The 
impact is intensified when the balls strike one another. The impact energy of the 
milling balls in the normal direction attains a value of up to 40 times higher than that 
due to gravitational acceleration. Hence, the planetary ball mill can be used for high 
speed milling.  
 
The impact energy of the milling balls is changeable by altering the rotational speed 
of the turning disc. The advantage of this type of ball mill is not only that high impact 
energy could be obtained but also high impact frequency which can shorten the 
duration of the mechanical alloying process. However, it must be noted that because 
of high impact frequency, the temperature of the bowl may reach about 393K within a 
short milling duration of only 30 to 60 min. In the case whereby relatively high 
temperature is necessary to promote reaction rate, even this may be an added 
advantage to the process. In addition, the planetary ball mill may be modified by 
incorporating temperature control elements (Li Lv, 1998). Furthermore, based on 
powder particle size and impact energy required, balls with size of 10 to 30 mm are 
normally used. If the size of the balls is too small, impact energy may be too low for 
alloying to take place. In order to increase impact energy without increasing the 
rotational speed, balls with high density such as tungsten balls may be employed. 
 
Two types of bowls are commercially available: steel including hardened chrome steel, 
stainless CrNi-steel and hard metal tungsten carbide (WC+Co), as well as ceramic 
bowls including sintered corundum (Al2O3), agate (SiO2) and zirconium oxide (ZrO2). 
They generally are available in three different sizes of 80, 250 and 500 ml. For high 
energy mechanical alloying, steel bowls are recommended since ceramic bowls can 
cause contamination due to minute chipped off or fractured particles from the brittle 
surfaces of the milling bowl and balls. Generally, bowls and balls of the same material 
are employed in the mechanical alloying process to avoid the possibility of cross 
 163
contamination from different materials. 
 
 
 
 
 
2.1.2.3 Horizontal Ball Mill Controlled by Magnetic Force 
 
It is worthwhile to emphasize that an important aspect of this device is the possibility 
of incorporating a magnetic field generated by permanent magnet or magnets to act on 
the ferromagnetic balls as shown in Figure 6. Depending upon the distance between 
the balls and the magnet, the impact energy can be controlled by changing the 
spatially adjustable high field magnets. This allows the impact energy to be selected 
according to the different material systems to be milled (Li Lv, 1998). The type of 
magnetic field can be varied by transferred altering to the powder mixture. Three 
different energy modes can be obtained: impact mode, shear force mode, as well as 
impact and shear force modes. 
 
 
 
In Figure 6, it can be seen that friction energy can be altered by changing the intensity 
Figure 6 Horizontal ball mill incorporated with magnets (Li Lv, 1998). 
 164
of magnet M1 while magnet M2 is mainly used to increase the kinetic energy of the 
balls. Position M3 controls both the frictional and the kinetic energies of the process. 
A high energy mode can therefore be obtained by choosing strategic position for 
magnets M1, M2 or M1 and M2 together. For low energy mode, the magnet may be 
placed at position M3. Numerous research works have been carried out based on this 
innovative design of the ball mill (Li Lv, 1998).  
 
 
 
 
2.1.2.4 Low-Energy Tumbling Mill 
 
Tumbling mills (Figure 7) are defined as cylindrically- shaped shells that rotate about 
a horizontal axis. Loads of balls or rods are charged into the mill to act as milling 
media. The powder particles of the reactant materials meet the abrasive and/or 
impacting force which reduce the particle size and enhance the solid state reaction 
between the elemental powders. 
 
The tumbler ball mills date back to 1876 and are characterized by the use of balls 
(made of iron, steel, or tungsten carbide) as milling media. The capacities of these 
mills are governed by several variables (ratio of mill length to diameter, speed of mill, 
size of balls, particle size, etc.) that should be adjusted and balanced. In these mills, 
the useful kinetic energy can be applied to the powder particles of the reactant 
materials by collision between the balls and the powders, pressure loading of powders 
pinned between milling media or between the milling media and the liner, impact of 
the falling milling media; shear and abrasion caused by dragging of particles between 
moving milling media, as well as shock wave transmitted through crop load by falling 
milling media (A.F. Taggart, 1927). 
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The tumbler ball mills have been successfully used for preparing several kinds of 
mechanically alloyed powders. However, this kind of low-energy mill may lead to an 
increase in the required milling time for a complete MA process. In addition, it is 
cheaper than those of the high-energy mills and can be self-made with lower costs. 
Moreover, tumbling mills are operated simply with low maintenance requirements 
and it produces homogeneous and uniform powders. 
2.2 The Process of MA 
 
Mechanical alloying is normally defined as a dry, high-energy, ball milling process 
whereby two or more elemental powders are blended, cold worked, welded and 
fragmented repeatedly, resulting in powders with a uniform atom distribution, and in 
stable or metastable phase in a finer microstructure. While applying the technique for 
dispersoid distribution, it is not really “alloying” due to insolubility of the dispersoids 
in the matrix. 
 
When an alloy powder instead of elemental powders is milled, the process is termed 
as mechanical grinding (MG). In this case, the function of MG is to introduce point 
Figure 7 Schematic cross-section of tumbler ball mill showing 
ball movement. (A.F. Taggart, 1927). 
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and lattice defers such as vacancies, interstitials, dislocations, antiphase domain 
boundaries, etc. to completely destroy the crystal structure and generate an amorphous 
material. Thus, the MA process actually promotes particle welding in contrast to the 
conventional milling practices in which welding is inhibited by the use of liquids and 
surfactants (C. Suryanarayana, 2001). 
 
 
 
 
 
 
 
 
 
 
 
Whenever two grinding balls collide, they trap particles between them. The force of 
the impact deforms the particles and creating atomically clean new surfaces. When the 
clean surfaces come into contact, they weld together. Since such surfaces readily 
oxidize, the milling is carried out in an inert atmosphere or vacuum. To facilitate 
inter-particle welding, there must be adequate compressive energy imparted to the 
grinding medium during milling and usually the presence of a malleable constituent 
can act as a binder for the other constituent and also readily bond with balls. The other 
components may include ductile metals, brittle metals, intermetallics or non-metals 
such as carbon, oxides and nitrides. This makes it necessary that milling is done in a 
dry atmosphere especially for metals of high melting point to promote cold welding (P. 
R. Soni, 1999). 
 
At the early stage in the process, the metal powders are still rather soft and the 
tendency for them to weld together into larger particles predominates. A broad range 
Figure 8 Balance between welding and fracturing (P. R. Soni, 1999). 
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of particles develops with some particles being two to three times larger in diameter 
than the original ones. As the process continues, the particles get harder and their 
ability to withstand deformation without fracturing decreases. The smaller particles 
tent weld into larger pieces. The large particles, on the other hand, are more likely to 
incorporate flaws and to break apart when they are struck by the balls. In time, the 
tendency to weld and the tendency to fracture come into balance, and the size of 
particles becomes constant within a narrow range (Figure 8). 
 
A number of factors contributing to the grind limit are: increasing resistance to 
fracture; increasing cohesion between particles with decreasing particle size causing 
agglomeration; excessive clearance between impacting surfaces, which is minimized 
as the ball diameter decreases; coating of fine particles on a grinding medium which 
cushions the particles from impact; surface roughness of the grinding medium; as well 
as bridging of large particles to protect smaller particles in the microbed. In general, 
as the alloying proceeds over an extended time, the mean applied stress needed for 
particle failure increases while the magnitude of local stresses available to initiate 
fracture decreases. 
 
Although there is little change in size of the particles after the equilibrium is reached, 
the structure of the particles is steadily refined. The alloying reaches a significant 
point when the welded layers of a particle can no longer be optically resolved. At this 
stage, two metals get closely mixed on a mixture of fine fragments. The welds 
observed in various systems studied have shown a mixture value of 0.7 μm; but in 
general this is seen to be far less. At this point, the powder is considered to be 
adequately processed. 
 
In addition, when a metal is plastically deformed by cold working, most of the 
mechanical energy of the deformation gets converted into heat. Heat is also generated 
by elastic deformation of metal grinding balls and mill chamber walls. The energy 
that is expended to overcome the friction between the particles is also translated into 
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Figure 9 Projected values of ZT for Si0.7Ge0.3 plotted 
against temperature. A schematic plot based on the 
heat. (P. R. Soni, 1999) Thus, if the temperature of the powder rises above a certain 
point, the cold worked metal particles may undergo recovery and re-crystallization. 
Therefore, water-jacketed milling chambers are usually required for large, high energy 
vibratory and attritor mills that reach temperatures as high as 200 °C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In spite of the dramatic decrease in the lattice conductivity and when germanium is 
alloyed with silicon, the Si–Ge alloys cannot compete with other thermoelectric 
materials at ordinary temperatures. However, they come into their own at, 600 K as an 
example. Above this temperature, ZT for both n-type and p-type Si–Ge reaches a 
value of about 0.5 (Figure 9) and remains at or above this level up to temperatures in 
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excess of 1,000K. Here, Si0.7Ge0.3 has a solidus temperature of about 1,500K and 
remains stable over long periods at 1,300K (C.Wood, 1988). A powder metallurgical 
technique is the preferred method for producing Si–Ge thermoelements (see Chapter 
4). Since these materials have the cubic diamond structure, there is no question of 
anisotropy of the thermoelectric properties. The parameters that are chosen for a 
hot-pressing and sintering process do not seem to be critical but there remains the 
choice of the size of starting powders. 
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Appendix 4: Measurements errors 
 
 
Solar radiation measurements error:  ±2%. 
 
Flow rate measurements error:  ±3% 
 
Thermal couple (T-type) measurements error: ±2% 
 
Anemometer measurements error:  ±1%. 
 
 
